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ABSTRACT
Explosives contamination in soils is an environmental concern for the public due to 
their toxic effects. The United States Department of Defense (DoD) is particularly 
concerned with explosives contamination in soils due to the thousands o f  sites for which it 
is responsible for remediating. To date, the most common technology utilized for 
remediating explosives contamination in soils has been incineration. However, costs for 
incineration have been estimated to range from approximately $250 to $3250 per ton and 
are generally inversely related to the volume o f soil.
The use o f advanced oxidation processes (AOPs), including dark and illuminated 
forms, was evaluated as an alternative to incineration. The dark processes involve the use 
o f oxidizers without ultraviolet illumination. Dark AOPs evaluated during this study were 
Fenton’s reagent (hydrogen peroxide and ferrous salts), peroxone (a mixture o f hydrogen 
peroxide and ozone), and ultrasonics. The illuminated processes involve the use of 
ultraviolet illumination which supplies the photon energy to break chemical bonds. Two 
types o f ultraviolet lights were evaluated during this study; low pressure ultraviolet light 
(LPUV) and medium pressure ultraviolet light (MPUV).
Only soils from the Yorktown Naval Weapons Station (YNWS), Newport News, 
Virginia, were used. They contained approximately 1430 mg/kg trinitrotoluene (TNT),
4.5 mg/kg trinitrobenzene (TNB), 35.4 mg/kg cyclotetramethylene-tranitramine (HMX), 
and 36.8 mg/kg hexahydro-l,3,5-trinitro-l,3,5-triazine (RDX). Since HMX and RDX 
concentrations were below the treatment criteria prior to testing, TNT and TNB were the
xv
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main focus. Dark AOPs were applied to soil slurries and filtrate from soil slurries while 
illuminated AOPs were applied to raw soil and filtrate from soil slurries.
Based on preliminary evaluations, peroxone and LPUV / ozone treatment of 
filtrate from a YNWS soil slurry were selected for optimization. Optimization involved 
evaluation o f treatment time, three solids loadings, and two oxidizer concentrations for 
each oxidizer. The optimal LPUV / ozone treatment was 20% solids and 2% ozone. The 
optimal peroxone treatment was 20% solids, 100 parts per million (ppm) hydrogen 
peroxide, and 2% ozone. Degradation rates were first order with respect to TNT, HMX, 
and RDX and were first order intermediate with respect to TNB.
xvi
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CHAPTER 1. INTRODUCTION
Explosives contamination in soils is o f major importance to many military 
installations and to the general population (Boopathy et al. 1994) (Burrows 1983) 
(Department o f the Army 1984) (Fochtman and Huff 1975) (Iskandar and Selim 1998) 
(Jenkins et al. 1997) (The Hazardous Waste Consultant 1996). Ravikumar and Gurol 
(1990) indicate that concern persists over contamination o f the groundwater which is the 
primary impact area o f a spill. Contaminant migration offsite may result from subsequent 
groundwater contamination.
Explosives contamination in soils is o f major environmental significance due to the 
toxic effects o f explosives-contaminated drinking water supplies. During World War II, 
massive amounts o f explosives were manufactured. Disposal o f off-specification materials 
resulted in soils contamination. In addition, explosives testing of the manufactured 
materials resulted in contamination problems since the entire test explosive was not 
detonated. Hence, explosives residuals remained to contaminate soils and groundwater. 
Kohler and Meyer (1993) indicate that the most relevant industrial and military explosives 
are trinitrotoluene (TNT), cyclotetramethylene-tranitramine (HMX), and hexahydro-1,3,5- 
trinitro-l,3,5-triazine (RDX).
Although the United States stopped production of TNT in the mid-1980s, the 
U.S. Army still operates explosives manufacturing plants producing organic wastewaters 
that contain explosive residues and other organic chemicals (Shaw and Cullinane 1998). 
Explosive contaminants can be found at manufacturing facilities, open bum/open
1
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detonation disposal areas, artillery / bomb impact areas, disposal wells, leaching fields, 
landfills, burial pits, and TNT washout lagoons. There are two types o f explosives- 
contaminated wastewaters, “red water” and “pink water”. Red water contains TNT while 
pink water contains wash water from loading, assembling, and packing operations. Red 
and pink water is actually clear when pumped to the surface but subsequently changes 
color when exposed to light. Since the United States stopped production o f TNT, no red 
water has been generated in this country. Shaw and Cullinane (1998) indicate that most 
waters found in the field are pink water which was generated during the 1970s due to 
demilitarization. Munitions were placed on racks with their fuses and tops removed and 
jets o f hot water used to rinse out the explosives. Settling basins were used to separate 
the solid explosive which were still contaminated with residual explosives, while 
contaminated waters were placed in lagoons. The lagoons or pits were oftentimes unlined 
which resulted in contamination o f the soil and groundwater.
Since explosives are a human, plant, and animal toxicological problem, this 
dissertation presents results o f evaluations of dark and illuminated advanced oxidation 
processes (AOPs) for destruction o f explosives compounds in soils, which are oftentimes 
the source of contamination. Although many technologies are available which result in 
removal o f explosive compounds, many merely involve phase changes, while AOPs have 
promise for ultimate destruction o f explosive compounds.
One of the most common technologies used for remediation o f contaminated soils 
is incineration but this technique may be quite costly (USEPA 1997). There are four types 
o f incineration processes generally employed for remediation o f  explosives-contaminated
2
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soils; rotary kiln, deactivation furnace, contaminated waste processor, and open bum / 
open detonation (Shaw and Cullinane 1998). Table 1.1 and Figure 1.1 represent cost vs. 
volume o f soil treated using incineration for a number o f sites containing contaminated 
soils (USEPA 1997).
With the exception o f two sites (where costs were much higher at $3200 and 
$3300 per ton), scale effects are apparent as the cost o f incineration generally increases as 
the volume o f soil to be treated decreases. Costs for incineration are approximately 
$ 1000 per ton for sites that contain less than 10,000 tons of contaminated materials. In 
addition, Li, Comfort, and Shea (1997) indicated that remediation o f 6400 m3 o f soil from 
the former Tooele Army Depot Deactivation Furnace indicated that the targeted 
destruction and removal efficiency (DRE) for hexachlorobenzene was missed (The 
Hazardous Waste Consultant 1996). The miss was attributed to flameout o f the 
incinerator’s afterburner.
Although considerable research has been performed in the area o f biological 
degradation of explosives, TNT (the explosive most commonly found at explosives- 
contaminated sites) is relatively biologically recalcitrant (Sawyer, McCarty, and Parkin 
1994). Mineralization o f TNT has been investigated by a number o f researchers but is 
generally <5% and the kinetics are very slow (Boopathy et al. 1994). Disappearance of 
TNT (without complete mineralization) oftentimes requires reaction times greater than 
60 days. Shaw and Cullinane (1998) indicate that researchers have not identified any 
specific organisms that are particularly effective for degrading explosives waste. Micro­
bial mineralization is difficult because electron-withdrawing nitro groups impede
3
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 1.1 Costs for Incineration (USEPA 1997)
Site Quantity Total Unit
Baird & McGuire, 248,000 tons soil and $540 /  ton
Bayou Bonfouca, 250,000 tons $440 /  ton
Celanese 4660 tons of soil and $1000 / ton
Coal Creek, WA 9715 tons of soil $830 /  ton
FMC Corporation 7840 tons of soil $770 / ton
MOTCO, TX 23,021 tons of soil, $3300 / ton
Old Midland, AR 102,000 tons o f soil, $264 / ton
Rose Township 34,000 tons o f soil, $350 / ton
Sikes Disposal 496,000 tons o f soil $230 / ton
Times Beach, MO 265,000 tons o f soil $420 / ton
Vertac Chemical 9804 tons waste and $3200 / ton
4
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Figure 1.1 Costs for Incineration per Ton o f Soil (USEPA 1997)
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electrophilic attack by oxygenases o f aerobic bacteria (Bruhn et al. 1987; Thiele et al. 
1988; Rieger and Knackmuss 1995). Esteve-Nufiez and Ramos (1998) indicate that 
several researchers have found that the ultimate product o f TNT metabolism through 
anaerobic nitro-reductive routes is 2,4,6-triaminotoluene. The Hazardous Waste Con­
sultant (1996) indicates that anaerobic bioslurry was the only biodegradation technique 
which met the destruction removal efficiency (DRE) values for RDX and TNT. However, 
the end products were not discussed. Composting, aerobic bioslurry, white rot fungus 
treatment, and landfarming were also evaluated. Composting and white rot fungus 
treatment resulted in 50 — 100% increases in treatment volume due to addition of 
amendments.
Advanced oxidation processes (AOPs) have been effectively used to treat 
explosives, solvents, nerve agents, and pesticides in contaminated groundwater (Aieta, et 
al. 1988), (Barich and Zeff 1989), (Burrows 1983), (Fochtman and Huff 1975), (Froelich
1992), (Glaze and Kang 1988), (Hager, Lovem, and Giggy 1987), (Jody, Klein, and 
Judeikis 1989), (Layne, et. al 1982), (Sundstrom, Weir, and Klei 1989), (Zappi, Hong, and 
Cerar 1993), (Report of the NATO Advanced Research Works on Destruction of Military 
Toxic Waste 1994)(USAEC 1998) (Fleming, Bricka, and Bailey 1995). These AOPs 
generally involve the use of oxidizers such as hydrogen peroxide and ozone, which react 
to form hydroxyl radicals (OH*), and may also involve ultraviolet illumination. Sonolysis 
is another technology that generates hydroxyl radicals for possible AOP uses. This dis­
sertation evaluates the use of dark and illuminated AOPs for remediation o f contaminated 
soils, employing some o f the past knowledge which was gained from groundwater remedi-
6
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ation to soils. If one or more techniques prove to be effective for destruction o f  explo­
sives in the Yorktown Naval Weapons Station soils, the technique(s) could be used to 
treat explosives contamination at its source.
The Hazardous Waste Consultant (1998) presents a comprehensive guide to 
available remediation technologies and indicates that illuminated AOPs received a “better” 
rating for remediation of explosives on a scale of “better, average, and worse”.
Illuminated AOPs were compared to other ex situ technologies in addition to in situ 
technologies.
Advanced oxidation processes were evaluated on soils from the Yorktown Naval 
Weapons Station, Newport News, Virginia. The site occupies 10,624 acres o f  land and 
was placed on the National Priorities List in 1992 (http://www.dtic.mil/envirodod/ 
derpreport/vorktown.html 1999). The facility was established in 1918 for the purpose of 
supporting the armed services during wartime. Other missions included providing 
ordnance maintenance, modifications, production, loading/off-loading and storage for the 
Atlantic Fleet. Explosives have contaminated the groundwater, surface water, sediments, 
and soils at the site. Environmental studies have identified 43 sites of contamination at the 
Yorktown Naval Weapons Station, 39 o f which required further action. Remedial 
Investigation/Feasibility Study (RI/FS) activities began in 1991. The installation has 
conducted removal actions at nine sites, removing contaminated soil “hot spots” . 
Approximate concentrations of explosives in the test soils used for this research were 
1430 mg/kg TNT, 4.5 mg/kg trinitrobenzene (TNB), 35.4 mg/kg HMX, and 36.8 mg/kg 
RDX.
7
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Four techniques were evaluated for remediation of soils from the Yorktown Naval 
Weapons Station, Newport News, Virginia; photolysis, sonolysis, chemical oxidation, and 
a combination o f photolysis and chemical oxidation. These processes will be termed 
AOPs for the remainder o f this dissertation although photolysis (without the addition of 
oxidizers) mainly involves the breaking of chemical bonds. Chemical oxidation 
evaluations without the addition of ultraviolet light are termed dark AOPs (Fenton’s 
process, sonolysis, and peroxone) and those involving ultraviolet light are termed 
illuminated AOPs.
Preliminary evaluations were conducted and the optimal treatment technique(s) 
selected. Dark AOPs (sonolysis, peroxone, and Fenton’s reagent) were evaluated on a 
soil/water slurry and filtrate from a soil/water slurry. Photolysis and photolysis/chemical 
oxidation were evaluated on dry soil (naturally inherent water was present) in thin layers 
and filtrate from a soil/water slurry.
The optimal treatment identified in the preliminary evaluations was used to define 
the optimal conditions for destruction of the explosives. One o f the most important 
parameters was identification of the potential solids loading and oxidizer concentrations 
for the optimal technology, which will likely impact process economics. Other parameters 
for evaluation included wavelength of the ultraviolet light, and magnetostrictive vs. piezo­
electric ultrasonics.
1.1 Properties of Explosives
There are two basic types of explosives; detonating or high explosives, and 
deflagrating (burning with high heat as opposed to exploding), or low explosives
8
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(http://www.eb.com/cgi-bin/g?keywords=trinitroxylene%20%28 explosive%29 1998). 
Explosives can be ranked according to sensitivity (Report o f the NATO Advanced 
Research Workshop. http://www.OPCW.nl/chemhaz/arwnaal 1 htm  1994).
In the use of energetic materials, oftentimes an explosive “train” is used to 
complete detonation (Department o f the Army 1984). The “train” is generally arranged 
by decreasing sensitivity and increasing potency. The first element is called an initiator 
and consists of a highly sensitive material or “primary” explosive. “Primary” explosives 
can be easily detonated by heat, a spark, impact, or friction. Typical “primary” explosives 
include lead azide and fulmina mercury.
The second element (“secondary” explosive), or booster, consists o f a larger 
quantity of explosive materials which are less sensitive but more powerful than the 
“primary” explosives. The “secondary” explosive is used to detonate material that is too 
insensitive to be detonated by the relatively weak initiator or to ensure complete 
detonation of the main charge. “High” or secondary explosives include TNT, RDX, 
HMX, and picric acid. Secondary explosives are much more prevalent at military sites 
than primary explosives (Shaw and Cullinane 1998). Secondary explosives include those 
which are melt-poured (TNT) and those which are plastic-bonded, or based on a binder 
and crystalline explosive such as RDX. “Low” explosives include black solid propellants 
and pyrotechnics. Explosives are often known by a number o f names. Table 1.2 below 
presents alternative names for TNT, TNB, HMX, and RDX.
9
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Table 1.2. Names of the Explosives 
(http://www.ordnance.org/tnt.html 1998)
Explosive Names
TNT Trinitrotoluene, Triton, Trotyl, Trilite, Trinol, and Tritolo
TNB T rinitrobenzene
HMX Homocyclonite, Octogen, Cyclotetramethylene tetranitramine
RDX Cyclonite, Hexogen, Cyclotrimethylenetrinitramine
Identification numbers for the explosives include the Chemical Abstract Service 
Registry (CAS) number, the National Institute of Occupational Science and Health 
(NIOSH) Registry o f Toxic Effects of Chemical Substances (RTECS) number, and the 
United Nations (UN) number. These numbers are presented for TNT, TNB, HMX, and 
RDX in Table 1.3 below (Sittig 1991). The CAS and. NISOH RTECS numbers are used 
to provide access to the MEDLARS® systems in the National Library o f Medicine in 
Washington, D.C. The UN number is utilized by the U. S. Department o f Transportation 
to assist in designation of hazardous materials.
Table 1.3 Identification Numbers for the Explosives
Explosive CAS No. RTECS No. UN No.
TNT 118-96-8 XUO175000 UN 0209
TNB 99-35-4 DC3850000 UN 1354 (wetted with >30% water) UN 0214 (dry)
HMX 2691-41-0 Not Available Not Available
RDX 121-82-4 XY9450000 UN 0072
Properties o f the explosives provide an indication o f how strongly they may 
partition to Yorktown Naval Weapons Station (YNWS) soils. Vapor pressures for
explosives such as TNT, TNB, HMX and RDX are estimated to be less than 6 x 10-4 torr 
(Shaw and Cullinane 1998). Henry’s law constants range from 10"6 atm m'2 mole-1.
10
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Generally, compounds with a Henry’s constant greater than 1 volatilize significantly from 
solution. Additional properties o f TNT, TNB, HMX, and RDX are presented in Table 1.4 
below.





























5** 38 1.90 285 C.H.N.O, 296
RDX White solid 50** 38 1.80 200 C,HfiNftOA 222
* Source - Department o f the Army 1984.
** Source -  Fleming, Cerar, and Christenson 1996. 
* * * Source -  Ro, et al. 1996.












TNT is one o f the most stable of the high explosives (high explosive indicates rapid 
decomposition or detonation) when in a refined form (http://www.ordnance.org/ tnt.html 
1998). TNT was and still is the most commonly used military explosive since World War 
I. Kohler and Meyer (1993) indicate it is the most important explosive for blasting 
charges of all weapons. TNT is one of the components, if  not the main component, of 
many explosives such as torpex, amatol, pentolite, and composition B. Composition B is
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a burster in Army projectiles, rockets, and land mines and consists of castabie mixtures of 
RDX and TNT. TNT is also very important in the area of industrial explosives.
Although TNT is one of the most stable explosives, the deflagration-to-detonation 
test states that soils containing more than 1 2 % secondary explosives by weight are 
susceptible to initiation by flame (Shaw and Cullinane 1998). Similarly, the shock gap test 
states that soils containing more than 15% secondary explosives by weight are susceptible 
to initiation by shock. Many times a limit of 10% secondary explosives is used as a 
conservative limit for the safety o f individuals sampling and treating soils.
1.2 Explosives Manufacturing
TNT (classified as a nitroaromatic, specification number MIL-T-248) is produced 
by nitration of toluene with mixed nitric and sulfuric acid (Kohler and Meyer 1993). 
Sulfuric acid is present to remove the water that is formed. Sawyer, McCarty, and Parkin 
(1994) indicate that the first nitro group is directed into the ortho position by the methyl 
group and additional nitro groups attach in the meta position with respect to the first nitro 
group. Spanggord, et al. (1982) studied the effluent of wastewater generated during the 
manufacture of TNT and identified 2,4-dinitrotoluene, 2,6-dinitrotoluene, and 1,3-dinitro­
benzene, representing 75% by weight of the total component distribution. Advantages of 
TNT over other explosives include low cost, safety in handling, fairly high explosive 
power, good chemical and thermal stability, favorable physical properties, compatibility 
with other explosives, and a low melting point which is favorable for melt casting 
(Department of the Army 1984).
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Although stability is one of the advantages o f TNT in terms o f explosive 
capabilities, this characteristic likely contributes to its being one o f the more recalcitrant 
environmental contaminants. Although composting studies have indicated the ability to 
remediate TNT contamination in soils, questions remain as to whether complete 
mineralization has occurred vs. transformation to an intermediate which binds with soil 
media (Pennington, et al. 1994).
TNB (classified as a nitroaromatic, no specification number) is formed by 
reduction o f trinitrochlorobenzene by copper in alcohol or decarboxylation of trinitro- 
benzoic acid (Kohler and Meyer 1993). However, syntheses of TNB is generally difficult 
(Sawyer, McCarty, and Parkin 1994) and uneconomical relative to other explosives. TNB 
is typically used in plastic explosives and in mixtures with TNT which can be cast. In 
addition, the military uses TNB in warheads.
HMX (classified as a nitramine, specification number MIL-H-45444) is formed as 
a by-product from the manufacture of RDX by the Bachmann process (Kohler and Meyer
1993). Typically, HMX is used as an explosive charge when desensitized, as a booster 
charge in admixtures with TNT, and as an oxidizer in solid rocket and gun propellants 
(Department o f the Army 1984).
RDX forms the base for some of the most common military explosives, 
composition A, composition B, composition C, and cyclotol (http://www.ordnance.org/ 
rdx.html 1998). There are several methods available for production of RDX (classified as 
a nitramine, specification number MIL-R-398). Kohler and Meyer (1993) indicate the 
most common method o f manufacture is by the nitration o f hexamethylene tetramine
13
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(C6 H,2 N4) to hexogen (C 3 H6 0 6 N6) using concentrated nitric acid. The mixture is poured 
into ice water and the product, RDX, precipitates out. Pure RDX is used in press loaded 
projectiles while RDX is blended when producing cast loadings. RDX is much less 
sensitive to an electric spark than TNT (Department of the Army 1984). RDX has a high 
degree of stability and is one o f the most brisant military high explosives 
(http://www.ordnance.org/rdx.html 1998). Brisance is a measure of the ability o f  an 
explosive to shatter materials.
Maloney, et al (1994) present typical and average concentrations o f TNT, HMX, 
and RDX in Army wastewaters. Concentrations o f explosives in soils are more variable 
and may be as high as 30%. Typical TNB concentrations in groundwater were not 
reported. Their findings are presented in Table 1.5 below.
Table 1.5 Typical and Average Concentrations of
TNT, HMX, and IDX in Army Wastewaters
Compound Low Cone., mg/1 High Cone., mg/1 Average Cone., mg/1
TNT 12.3 2 2 1  * 100-140
TNB NR NR NR
HMX 0.05 15 ♦ 2 - 4
RDX 1 . 2 158 3 0 -8 0
•  NR indicates not reported.
* Above the solubility limit (see Table 1.4.)
1.3 Toxic Effects of Explosives
TNT, TNB, HMX, and RDX are regulated under the Toxic Substances Control 
Act (TSCA) flittp://www.atsdr.cdc.gov/list.html). The Agency for Toxic Substances and 
Disease Registry (ATSDR) presents the 1997 Comprehensive Environmental Response 
Compensation and Liability Act (CERCLA) priority list o f hazardous substances 
(http://www.atsdr.cdc.gov/list.html). The Superfund Amendments and Reauthorization
14
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Act (SARA) requires ATSDR and the EPA to prepare a list of substances, in order of 
priority, that are most commonly found at facilities on the National Priorities List (NPL) 
and pose human health threats. Human health threats may be due to suspected toxicity or 
potential for human exposure at the NPL site. The priority for TNT, TNB, HMX, and 
RDX is presented below in Table 1.6.
Table 1. 6  ASTDR and EPA Priority 
o f TNT, TNB, HMX, and RDX
Explosive Priority on ASTDR 





* Total Number of Compounds Listed was 275
1.3.1 Trinitroluene (TNT)
Exposure to TNT can occur by dust inhalation, ingestion, and by skin adsorption. 
Evidence suggests that TNT is cytotoxic and mutagenic in Chinese hamster ovaries 
(http://maine maine.edu/~io30634/TNT/tnt_map.html 1998 ). Numerous toxicity tests 
have been conducted on animals. In 1983, the U.S. Department o f Defense (DoD) 
commissioned a study to assess the effects of TNT on beagles fhttp://www.epa.gov/ 
ngispgm3/iris/irisdat/0269.DAT). The 6.5 month old dogs were fed 99% pure TNT (in 
their normal diet) at doses o f 0 (control), 0.5, 2, 8 , or 32 mg/kg/day for 25 weeks. Gross 
and histologic examination revealed liver injury including hepatocytic cloudy swelling and 
hepatocytomegaly, particularly in the groups dosed at high concentrations. The lowest 
observed adverse effect level (LOAEL) was 0.5 mg / kg / day. The U.S. DoD also studied
15
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the effects of TNT on rats and Swiss-Webster mice. Dogs appeared to be the most 
sensitive species tested.
The major effect on the human body is on the blood system. TNT exposure can 
result in decreased red blood cell and hemoglobin counts. Red blood cells also appear 
abnormal. Rashes, skin eruption, nose bleeds, and hemorrhages of the skin are some of 
the signs of TNT exposure. Prolonged exposure can result in methemoglobinemia, 
aplastic anemia, and a drastic loss of blood platelets. Li, Comfort, and Shea (1997) also 
indicate that TNT causes aplastic anemia, in addition to liver damage, dermatitis, ocular 
disorders (Sittig, 1985), and gastrointestinal distress (Stewart et al., 1945).
Exposure to TNT can also cause pancytopenia, which results from inadequate 
production o f red cells and / or other formed elements and is diagnosed based on actual 
cell counts in peripheral blood (Klaassen 1996). Exposure is determined by monitoring 
urine of the victim. European researchers indicate that chronic TNT exposure can result 
in cataracts and central nervous system intoxication (Department of Army 1984). TNT 
can also effect the liver, causing yellow atrophy and toxic jaundice. Death can occur from 
anemia or toxic hepatitis and TNT also effects the kidney. Sittig (1991) indicates that 
numerous fatalities have occurred in workers exposed to TNT from toxic hepatitis or 
aplastic anemia. Symptoms of TNT exposure include constant bitter taste, salivation, 
nausea, vomiting, and gastritis.
Dose-Response data including carcinogenicity and oral exposure data are 
presented below ('http://www.epa.gov/ngispgm3/iris/irisdat/0269.DAT). Using an oral 
slope factor of 3.0E-2 / mg / kg / day, drinking water unit risk of 9.0E-7 / ug / L and the
16
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linearized multistage procedure, drinking water concentrations at specified risk levels were
calculated and are presented in Tables 1.7 and 1.8.
Table 1.7 Carcinogenicity and 









0 . 0 0 0 /5 4
0.4 0.065 0 /5 4
2 . 0 0.325 0 /5 5
1 0 . 0 1.623 1 / 55
50.0 8.117 17 /55
Table 1.8 TNT Drinking Water 
Concentrations at Specified Risk Levels
Risk Level Concentrations
1 in 1 0 , 0 0 0 1 E + 2 ug/L
1 in 1 0 0 , 0 0 0 1 E + 1 ug/L
1  in 1 ,0 0 0 , 0 0 0 1 ug/L
The oral reference dose (RfD) is a concentration that is reported based on the 
assumption that thresholds exist for certain toxic effects such as cellular necrosis 
(http://www.epa.gov/ngispgm3/iris/irisdat/0316.DAT). The RfD is an estimate of a daily 
exposure to the human population that is likely to be without an appreciable deleterious 
effect during a lifetime. The RfD can also represent the derived noncarcinogenic health
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effects o f substances that are also carcinogens. The RfD is an estimate, with uncertainty 
spanning perhaps an order o f magnitude. The RfD for TNT is 5E-4 mg/kg/day.
The tolerance level suggested for TNT is 1.5 mg/m3  in air (Department o f the 
Army 1984). Sittig (1991) indicates the time weighted average (TWA) for TNT is 
0.5 mg/m3. The short term exposure limit (STEL) is also 0.5 mg/m 3  and no immediately 
dangerous to life and health (IDLH) limit has been established.
1.3.2 Trinitrobenzene (TNB)
Exposure to TNB generally occurs through inhalation and ingestion. TNB has 
been reported to cause liver damage, central nervous system damage, and methemoglobin 
formation in animals (Sittig 1991). In some instances, difficulty in breathing has been 
noted. TNB has allegedly caused optic neuritis and amblyopia fhttp://www.speclab.com/ 
compound/c99354.htmv Reports indicate that chronic intoxication may have caused 
yellowing of the conjunctiva or sclera.
The critical dose (the dose limit at which deleterious effects are unlikely) for TNB 
is reported at 2.68 mg / kg / day and the oral RfD is 3 E-2 mg / kg / day. Reddy, et al. 
(1996) present results of studies o f Female Fisher 344 rats which were fed TNB for 
2 years. High-dose animals showed decreased body weight gains due to decreased food 
consumption. The brains, spleens, and livers of the animals showed relative increases in 
weight. They indicate that results o f their studies provide clear evidence o f toxicity of the 
hematopoietic system as has been reported for other nitroaromatics such as dinitrobenzene 
and TNT. They reported the no observed adverse effect level (NOA£L) and LOAEL 
concentrations were 2 . 6 8  mg/kg/ day and 13.31 mg / kg / day, respectively.
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Acute oral toxicity tests on dogs indicate that TNB is effectively adsorbed orally. 
Additionally, acute studies indicate that TNB exposure induces methemoglobin formation 
in vivo, in rats, mice, and guinea pigs. Irritability effects, i.e., excitability, violent 
swimming, opercular movement, were noted in marine fish, namely Kuhlia sandvicensis, 
at explosure levels of 100 Mg/1 TNB. However, at concentrations o f 1000 and 10,000 Mg/1 
TNB, moderate and violent reactions were noted. No effects were noted at exposures 
below 50 Mg/1 TNB.
Sittig (1991) indicates no permissible exposure limits in air have been set.
1.3.3 Cyclotetramethylene-tranitramine (HMX)
The exposure pathway for HMX is through inhalation and ingestion. The effects 
o f HMX are very similar to that of RDX (see below) but HMX is less toxic than RDX 
(Department of the Army 1984). The American Conference for Government Industrial 
Hygienists TWA and STEL values are 1.5 mg/m 3  and 3.0 mg/m3, respectively (Sittig
1991).
The toxicity of HMX was studied in Fischer 344 rats by incorporation into their 
daily diet (U.S. DoD 1985). Animals in the two highest dosed systems, 1500 mg / kg / 
day and 4000 mg / kg / day exhibited continued depressed weight gains. Males showed 
significant increase in the occurrence of toxic liver changes while females showed tubular 
kidney changes. The study indicated that there are sexual differences in the target organ 
response of rats to HMX. The NOAELs for males and females were 50 mg / kg /day and 
115 mg / kg / day, respectively. The LOAEL for males was 150 mg / kg / day for toxic 
liver effects and was 270 mg / kg / day for toxic renal effects in females.
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The estimated oral RfD data for HMX indicates that the NOAEL was 50 mg / kg 
/ day based on observations for hepatic lesions in humans. The RfD was 5E-2 mg / kg / 
day. In a 13-week rat feeding study, the LOAEL was 150 mg / kg / day.
1.3.4 Hexahydro-U^-trinitro-13)5-triazine (RDX)
Routes o f exposure to RDX include ingestion and inhalation. Since RDX is not 
very lipid soluble, skin adsorption is not generally an exposure pathway (Department of 
the Army 1984). RDX effects gastrointestinal, central nervous system, and renal parts of 
the body. Signs of RDX exposure include fever, rapid pulse, hematuria due to effects of 
the proximal tubules o f the kidney, proteinuria, azotemia, and elevated serum glutomic 
oxalacetic transaminase, which may result in muscle soreness (Department o f the Army 
1984). Patients recover completely from exposure to RDX but recovery time depends on 
the amount o f exposure which varies from a few days to three months.
During wartime, troops consumed Composition C-4, a plastic explosive which 
contains 91% RDX. Composition C-4 was chewed by soldiers to get a “high” similar to 
that experienced from ethyl alcohol consumption. It was also used as a fuel for cooking. 
The effects o f RDX exposure were visible within hours and included restlessness and 
hyperirritability, headache, weakness, dizziness, severe nausea and vomiting, seizures, 
unconsciousness, disorientation, confusion, and amnesia, among others.
Dose-Response data including carcinogenicity and oral exposure data are 
presented below (http://www.epa.gov/ngispgm3/iris/irisdat/0269.DATV Using an oral 
slope factor o f  1.1E-1 / mg / kg /day, drinking water unit risk of 3.1 E- 6  / u g / L  and the
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
linearized multistage procedure drinking water concentrations at specified risk levels were
calculated and are presented below in Tables 1.9 and 1.10.
Table 1.9 Carcinogenicity and
Oral Exposure Data for RDX
Administered Human Equivalent Tumor
Dose (ppm) Dose (mg/kg)/day Incidence
0 . 0 0 . 0 1 /6 5
1.5 0.13 5 /6 2
7.0 0.58 9 /6 4
35.0 2.90 12 /64
1 0 0 . 0 8.30 6 /3 1
Table 1.10 RDX Drinking Water 
Concentrations at Specified Risk Levels
Risk Level Concentrations
1  in 1 0 , 0 0 0 3 E + 1 ug/L
1  in 1 0 0 , 0 0 0 3 E + 0 ug/L
1  in 1 ,0 0 0 , 0 0 0 3 E + 1 ug/L
The American Conference for Government Industrial Hygienists TWA and STEL 
values are 1.5 mg/m3  and 3.0 mg/m3  for RDX, respectively (Sittig 1991).
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CHAPTER 2. LITERATURE REVIEW
2.1 Characteristics of Soils
Soils can serve as chemical and biological “filters” to lessen the impacts o f 
organics on the environment (McBride 1994). Availability o f the explosives in a medium 
where they are available for transformation is one of the biggest problems associated with 
abiotic and biotic remediation. Ney (1995) indicates that sorption can prevent photo­
transformation, hydrolysis, volatilization, mobility by water solubility, and microbial bio­
degradation. Due to inherent properties o f soils, organics can be adsorbed reversibly and 
irreversibly to the soil surface. The mass of organic adsorbed to the surface o f soil parti­
cles is a function of the number of adsorption sites or surface area, and charge density 
(Morrill, Mahilum, and Mohiuddin 1982). The major adsorptive components o f soils are 
clay particles, organic matter, and metal oxides and hydroxides. Morrill, Mahilum, and 
Mohiuddin (1982) indicate it is difficult to know which fraction is causing adsorption 
because the clays and organic matter do not exist as separate entities. The classification of 
soil particles according to the U. S. Department of Agriculture is presented in Table 2.1, 
and the specific surface area of various soil types is presented in Table 2.2 below.
The partitioning o f explosives to soil particles due to the characteristics o f the soils 
causes difficulty in soil characterization and attaining homogeneity in test soils for bench- 
scale studies. Adsorption/Desorption can occur at solid-solid, gas-solid, gas-liquid, liquid- 
liquid, or liquid-solid interfaces (Fleming, et. al 1996). Desorption occurs due to an 
affinity of the adsorbate for the solvent or an affinity of the adsorbate for the adsorbent.
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Table 2.1 U.S. Department o f Agriculture Soil Classification
Classification Description Size, mm
Sand Very Coarse 1 .0 - 2 . 0
Coarse 0.5 -  0.99
Medium 0.25 -  0.49
Fine 0 .10-0 .24
Very Fine 0.05 -  0.09
Silt 0.002 -  0.049
Clay < 0 . 0 0 2
Table 2.2 Soil Type and Specific Surface Area *
Soil Class Specific Surface Area,
Clay 150-250
Silty Clay Loam 1 2 0  - 2 0 0
Silt Loam 50 - 150
Loam 50 - 100
Sandy Loam 10-40
* Goring and Hamaker (1972).
The adsorption o f organics is affected by the presence o f certain functional groups 
including but not limited to -OH, -NH2, -NHR, -CONH2, -COOR, and -~NR3. These 
groups are especially adsorbed on soil humus material (Brady 1990).
McBride (1994) indicates the following properties o f the organic adsorbate affect 
desorption:
•  type o f functional groups attached to the molecule
•  acidity or basicity of the functional groups
•  molecular size and shape
•  polarity and charge of the molecule
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•  polarizability of the molecule
TNB is expected to exhibit moderate to low adsorption to suspended solids and 
sediments (http://www.speclab.com/compound/c99354.htm 1999). It is also expected for 
TNB to be relatively mobile in the environment. Concentrations of TNB are relatively 
lower than TNT, HMX, and RDX in the YNWS soils. This may be due to the mobility of 
TNB.
The characteristics of the soils also influence the transformation o f explosives. 
Townsend, Myers, and Adrian (1995) studied the effects of soil characteristics on 
transformation of TNT. They evaluated WES-silt (90% silt, 7.5% clay, 2.5% sand), 
Yokena clay (64% silt, 34% clay, 2% sand), and Ottawa sand (7.5% silt, 92.5% sand, 0% 
clay). The found that 4-amino, dinitrotoluene (4A-DNT) was the main transformation 
product and the order of reactivity was silt > clay > sand. Studies by Pennington, et al.
(1994) also indicated that 4A-DNT in addition to 2-amino, dinitrotoluene (2A-DNT) was 
a product of TNT transformation in studies they performed on composting o f  TNT. More 
information regarding the effects of clay content, organic matter, and mineral oxides and 
hydroxides are presented in individual sections below.
2.1.1 Clay Effects on Adsorption
Clays are made up of sheets of silica tetrahedra and alumina octahedra. Clays are 
classified based upon their formation of tetrahedral and octahedral sheets in varying 
proportions (Morrill, Mahilum, and Mohiuddin 1982). Clays composed o f  1:1 propor­
tions (very low negative charge) are dimorphic (thickness is about 7.2 A), 2:1 (high net 
negative charge) are trimorphic (thickness is about 9.6 A), 3:1 are tetramorphic, etc.
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Examples o f dimorphic, trimorphic, and tetramorphic clays are kaolinite, bentonite, and 
chlorite, respectively. Some characteristics of clays are presented in Table 2.3.
Tab e 2.3 Characteristics of Clays *
Clay Layering CEC, Surface Spacing, A Expanding
Montmorillonite 2 : 1 8 0 -1 2 0 700 - 800 17 Expanding
Vermiculite 2 : 1 1 2 0 - 2 0 0 500 - 700 14 Limited
Illite 2 : 1 1 5 -4 0 75 - 125 1 0 Nonexpanding
Kaolinite 1 : 1 2 - 1 0 2 5 -5 0 7.2 Nonexpanding
* Morrill, Mahilum, and Mohiuddin (1982)
Organics and inorganics penetrate between adjacent silicate sheets, causing clays 
to swell. Expanding clays have higher surface area and higher affinity for organic com­
pounds than nonexpanding clays. Kaolinite is the least reactive o f the clays. Some 
chemicals do not adsorb to organic carbon or organic matter but will adsorb to the soil’s 
cation exchange capacity (CEC) (Ney 1995). An example of such a chemical is paraquat. 
Pennington and Patrick (1990) found that soil adsorption and desorption o f  TNT mainly 
involved CEC and clay content of soils and were not as dependent on soil organic carbon. 
Likewise, Sikka, et al. (1980) found that clay content was more important in soil 
adsorption and desorption than organic carbon content for RDX.
Li, Shea, and Comfort (1997) evaluated the effects of clays on Fenton’s oxidation 
of TNT in contaminated soil slurries. They found that small amounts of Ca2+- 
montmorillonite (0.1 -1.0% weight by volume) may have enhanced Fenton oxidation o f 
TNT near the montmorillonite surface. However, kaolinite had little affinity for TNT or
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Fe(III) and TNT transformation rates decreased as kaolinite concentration was increased 
from 0 . 1  to 2 .0 % weight by volume.
Typical CEC values for sands, fine sandy loams, loams/silt loams, clay loams, and 
clays are presented in Table 2.4.
Table 2.4 Typical CEC Values for Soilsa
Soil Texture Cation Exchange Capacity
Sands 1 - 5
Fine sandy loams 5 - 1 0
Loams/silt loams 5 - 1 5
Clay loams 1 5 -3 0
Clays 3 0 -1 5 0
a (Tittp://soils/ecn.purdue.edu/~wepphtml/wepp/wepptut/part4/cec.htmfr
Clays contain mineral oxides and hydroxides. In highly weathered soils, aluminum 
oxides may dominate the clay size fraction (Brady 1990). Clay adsorptive behavior 
resembles cation exchange resins but, due to the presence of aluminum, may behave 
slightly differently (additional discussion in section 2.1.3). Aluminum can form ampho­
teric hydroxides with water at the clay surface, which causes the pH to be lower in the 
immediate vicinity o f the aluminum hydroxides. As a result, organic compounds may be 
adsorbed at a higher concentration. Many organic compounds are polar in nature and may 
adsorb between layers o f the clays, referred to as basal adsorption. When this occurs, the 
organics may be shielded from oxidation reactions and/or microbial degradation.
Coles, Rubin, and Gaire (1990) indicate that organics react with clay minerals in 
the following descending order:
•  Positively charged organic radicals - displace exchangeable cation in clay.
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•  Uncharged polar organics - replace water of hydration in clay structures.
•  Uncharged nonpolar organics - form only external surface Van der Waal 
attachments.
•  Negatively charged organic radicals - repel and minimally adsorb.
They indicate that organics in the first two categories cannot be removed by
surfactants. Aliphatics comprise the third category and are adsorbed by Van der Waal 
forces, which may be reversed.
Brady (1990) indicates that the CEC remains relatively constant at pHs less than 
6.0, but as the pH increases above 6.0, the CEC capacity increases. In the case o f 
smectites, the CEC increases from 80 centimoles of positive charge per kilogram of soil 
(cmol/kg) at pH 6.0 to approximately 90 cmol/kg at a pH > 6.0. The CEC of the clays in 
soils averages about 0.5 cmol/kg for each 1% clay in the soil and 2.0 cmol/kg for each 1% 
humus. Soils that contain kaolinite, iron oxides, and aluminum oxides generally contain 
0.1 cmol/kg CEC for each 1% of clay and 2.0 cmol/kg CEC for each 1% o f organic 
matter.
Coles, Rubin, and Gaire (1990) reported that semivolatile organic removal by 
surfactants is effective in coarser size fractions (2000 to 250 microns) where contaminants 
are partitioned by Van der Waal forces. However, where strong chemisorption bonding 
occurs in fine soil fractions (<250 micron), contaminant desorption may not occur due to 
chemically reactive clay / humus constituents (<10 microns). They indicate that polar and 
disassociated organic compounds form intercrystal lattice compounds that are only 
limitedly removed from chemically reactive clay matter. In desorption tests performed by 
Coles, Rubin, and Gaire (1990), they found that only 65% of anthracene was removed
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from the clay fraction while 99.8% was removed from the sand/silt fraction in tests 
conducted under the same conditions.
2.1.2 Soil Organic Matter Affects on Adsorption
Soil organic matter (SOM) results from fully and partially decomposed plant and 
animal matter and complex polymeric humic materials. SOM is generally classified as 
humic and nonhumic. Humic SOM results from decomposed plant and animal matter 
while nonhumics consist o f plant and animal matter that is not decomposed. While 
nonhumic matter has relatively low adsorption capacity', humic substances are highly 
adsorptive. Desorption o f organic compounds from SOM is slower than desorption from 
clays (Morrill, Mahilum, and Mohiuddin 1982). Desorption from SOM may be partially 
irreversible. Ney (1995) states that the adsorption of aromatic organic chemicals in soils or 
sediment by organic matter or organic carbon is due to van der Waals forces, which are 
generally reversible. The relationship between partitioning due to organic carbon and 
organic matter in the soils can be expressed according to the following equation:
Kq̂  1.724 *K om
where,
K .̂ = partition coefficient for adsorption due to organic carbon content o f the soils 
Kom = partition coefficient for adsorption due to organic matter content o f the soils 
Table 2.5 presents the K^. and octanol-water partition coefficient (Kow) values for TNT, 
TNB, HMX, and RDX. The value for TNB has been reported as ranging from 104 to 
178, indicating moderate to high mobility in soils
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flittp://www.speclab.com/compound/c993S4.htm 1999). TNB is also reported to have 
moderate to low adsorption to suspended solids and sediments in water.
Table 2.5 and Kow Values for 
TNT, TNB, HMX, and RDX *
Explosive K o c Kow
TNT 300** 39.8
TNB 104-178 15.1
HMX 1800** 3981 **
RDX 507** 7.4
* Source - http://esc.svrres.com/cgibin/odbic.exe/~templates/kowtp.htm. 
** Estimated from water solubility data (Ney 1995).
Nonpolar molecules such as TNT, TNB, HMX, and RDX have a stronger attrac­
tion for soil organic matter than for mineral surfaces due to hydrophobic surfaces or 
phases within the organic matrix (McBride 1994). Explosives like TNT, TNB, HMX, and 
RDX may have a weaker solvent (water) -  surface (explosive) bond than the sorbate (soil) 
- surface bond. An analogy is the attraction between two droplets o f oil immersed in 
water. They coalesce in order to reduce the total oil — water interfacial area. Large high 
molecular weight molecules are “pushed” out of solution onto surfaces more completely 
than small ones.
Graham-Bryce (1967) studied desorption o f disulfoton from soils and found that 
disulfoton adsorption was reversible if  the soils remained wetted. However, when the 
disulfoton-contaminated soil was dried and rewetted, disulfoton was not desorbed. In
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addition, evidence suggested that desorption from soils is a function o f molecular weight 
and structure, much like granular activated carbon (GAC) adsorption.
Li, Shea, and Comfort (1997) studied the effects of humic and fulvic acids on the 
transformation o f TNT in contaminated soil slurries. Experiments initially performed 
using aqueous TNT solutions indicated little effect of dissolved organic matter on total 
TNT destruction within 24 hours, but transformation rates were affected. The TNT 
transformation rate was increased by fulvic acid at 2 0  mg/ 1  but not affected by humic acid. 
Both humic and fulvic acid were shown to reduce Fe(III) to Fe(II) (part of the Fenton’s 
oxidation process) but more Fe(II) was regenerated in the presence o f fulvic acid which 
may have lead to the higher TNT destruction rate. However, the TNT mineralization rate 
was not greatly affected by fulvic or humic acid in the soil slurry solutions.
Yao and Masten (1993) studied the effect o f organic matter on the rate o f chemical 
oxidation o f naphthalene. They added humic acid to pH 3 distilled water and 7.2 mg/1 
naphthalene and investigated the rates o f oxidation by ozone. At humic acid concentra­
tions less than 25 mg/1, there was no effect on the decomposition rate of naphthalene. 
However, as concentrations o f humic acid increased over 25 mg/1, the reaction rate 
decreased. In solutions containing 80 mg/1 humic acid, 75% o f the naphthalene was 
degraded by ozone.
2.1.3 Affects of Metal Oxides and Hydroxides
Transition metals, including iron, aluminum, and manganese, are capable of 
complexing with organics. Iron and aluminum oxides and hydroxides are formed by 
weathering of soil minerals and may act as cementing agents. Adsorption by iron and
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aluminum oxides and hydroxides may be due to the formation of ligands or due to the 
positive charges associated with iron and aluminum oxides and hydroxides (Tan 1993). 
“Adsorption” which occurs during the formation of the organic-metal complex is different 
from typical electrostatic bonds generally associated with the adsorption process. The 
complex which is formed due to “adsorption” is due to covalent bonds, which are stronger 
than electrostatic bonds. These bonds can be broken but the extent depends on soil pH, 
affinity of the metals for the ligand, and stability o f the complexes. The bonds are more 
easily broken if the organic is complexed to one of the transition metals such as iron, 
aluminum, or manganese.
Some iron and aluminum oxides and hydroxides adsorb more strongly than clays. 
Tan (1993) indicates that iron oxides are adsorbed on kaolinite surfaces, resulting in a 
cementation effect. Often the surfaces of iron and aluminum oxides are amphoteric, i.e., 
depending on the pH of the soil, the surface may be positively or negatively charged (Bolt 
and Bruggenwert 1978). Metal oxides and hydroxides can form complexes with organic 
compounds due to chelation through electron-pair sharing (Tan 1993). The metal, serving 
as the central ion, is the electron-pair acceptor. The ligand, which is coordinated around 
the metal in a coordination sphere, is the electron-pair donor. Hamaker studied adsorption 
of picloram by iron and aluminum oxides and found strong and rapid adsorption occurred. 
Goring and Hamaker (1972) indicate that iron and aluminum oxides can adsorb anions in 
addition to neutral molecules.
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2.1.4 Soil Heterogeneities
Shaw and Cullinane (1998) indicate soil heterogeneity is a major problem in 
characterizing a site contaminated with energetic materials. The manner in which the 
energetic material was deposited adds to the heterogeneity of the soils. They also indicate 
that order o f magnitude concentration changes over distances of a few inches or feet are 
not uncommon. At old washout lagoons, recrystallization nodules o f energetic materials 
present a unique characterization and treatment problem.
Homogenization o f soils is difficult due to a number o f reasons including those 
described above and in sections 2.1, 2.1.1, 2.1.2, and 2.1.3. Jenkins et al. (1996) assessed 
sampling error associated with collection and analysis o f soil samples at three explosives- 
contaminated sites. They analyzed soil samples collected from 122-cm-diameter circles 
and reported extreme heterogeneity at all sampling locations. They indicated a single 
sample from one of the 1 2 2 -cm locations could differ from the mean concentration by 
orders of magnitude. Relative standard deviations were often greater than 100%.
Jenkins et al. (1997) assessed the sampling error associated with collection o f 
samples and subsequent HMX analysis at a firing range. Soils at the Canadian Force 
Base -  Valcartier, Val — Belair, Quebec were contaminated with HMX due to active 
antitank firing for the past 20 years. They found that HMX concentrations as high as 
1640 mg/kg near one target decreased to 2.1 mg/kg at a distance of 15 m from the target. 
Many of the explosives detonated at the facility contained a mixture of 70/30 HMX to 
TNT. Jenkins et al. (1997) found concentration estimates for TNT were much lower than 
originally suspected. The reason for lower TNT concentrations was beyond the scope of
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the study but may have been due to the characteristics of the soils in addition to any 
number of other reasons.
2.1.5 Desorption of Explosives
Desorption o f contaminants from the soil surface can be modeled according to the 
following equation;
q = Kd *C
where,
q = soil concentration, mg/kg 
C = solution phase concentration, mg/1 
Kd = the distribution coefficient, 1/kg
Pennington and Patrick (1990) studied the ICj values for TNT in (16) different soils 
and reported values ranging from 2.3 to 11.0, with an average of 4.0 for all soils tested. 
Shaw and Cullinane (1998) report the Kd values for RDX and TNT to range from 1 to 3 
and 2 to 56, respectively. In later studies by Pennington, et al. (1995), they evaluated 
desorption o f TNT using a 1:4 soil-to-water ratio and predicted vertical isotherms would 
result based on the concentration o f  TNT present in their test soils. Vertical isotherms 
resulted because the soil concentration of TNT greatly exceeded the distribution coeffi­
cient multiplied by the aqueous solubility. Based on the Kd values predicted by Pennington 
and Patrick (1990), vertical isotherms would result using 25% solids for soils having TNT 
concentrations ranging from approximately 1 2 0 0  mg/kg or greater.
After assessing adsorption o f  TNT to soils, Pennington and Patrick (1990) also 
evaluated subsequent desorption o f TNT and found that almost all of the adsorbed TNT
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was desorbed after three cycles. Their results suggested that adsorption of TNT onto soil 
surfaces would not greatly retard transport of TNT to lower soil horizons. They found 
that pH exerted little effect on adsorption and desorption. However, oxidized conditions 
decreased adsorption o f TNT relative to reduced conditions. Two transformation 
products, 4-amino-2,6-dinitrotoluene and 2-amino-4,6-dinitrotoluene were detected 
during the 24-hour test period under both oxidized and reduced conditions.
Townsend, Myers, and Adrian (1995) states that factors affecting sorption include 
the chemical characteristics o f the organic and inorganic fractions, the solute, temperature, 
and pH. Iskandar and Selim (1998) evaluated adsorption and desorption of TNT and 
RDX in a pure system consisting o f montmorillonite clay and two soils, Norwood and 
Kolin soils. They found that TNT was highly mobile in the presence o f methanol but when 
calcium nitrate was the background solution, as much as 50% o f the TNT was retained in 
the Kolin, Norwood, and bentonite/sand columns. They found that RDX was also highly 
mobile during transport evaluations in soil columns.
Li, et al. (1997) evaluated Fenton oxidation and soil washing for remediation o f 
TNT-contaminated soil from the former Nebraska Ordnance Plant, Mead, Nebraska.
They evaluated two soils, a low concentration (499 mg TNT / kg) and a high concen­
tration (4875 mg TNT / kg). The remediation goal was established for the site by the 
U.S. Environmental Protection Agency and was 17.2 mg TNT / kg. They used four wash 
cycles for the 4875 mg TNT / kg soil and five wash cycles for the 499 mg TNT / kg 
contaminated soil. Although washed soil concentrations in the 499 mg TNT / kg soil
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approached the treatment goal (washed concentration was 19.5 mg TNT / kg), the 
concentration after washing the 4875 mg TNT / kg soil was 1945 mg TNT / kg.
Pennington, et al. (1995) studied the impacts o f sorption on in situ bioremediation 
of explosives-contaminated soils. They concluded that the concentration of explosive was 
the most important factor when selecting, evaluating, and designing an in situ bioremedi­
ation system for explosives. They evaluated desorption of TNT, RDX, HMX, 2A-DNT, 
4A-DNT, 2,4-dinitrotoIuene (2,4 DNT), and TNB from three soils. They studied the 
effects o f surfactant addition and temperature. Results of their studies indicated that 
desorption of the explosives was limited by aqueous solubility o f the explosives for two of 
the soils and by partitioning in one of the soils. Typical partition coefficients range from
2.3 to 11.0 (Pennington and Patrick 1990) and the partition coefficient was 6.16 in the 
soils where desorption was limited by partitioning. The effect o f soil washing using 
elevated temperatures was a significantly increased concentration initially, but 
concentrations reequilibrated with the soils as the temperature returned to ambient, in 
approximately five days. It was hypothesized that 4A and TNB (more toxic than TNT, 
see section 1.3) concentrations increased steadily due to transformation to these products 
due to elevated temperatures. They concluded that the use of water heated to 55°C would 
increase solution phase concentrations o f the explosives, but promoted transformation of 
TNT to potentially harmful products. The surfactants, Alfonic and Tween, increased 
solution phase concentrations of TNT, RDX, and HMX but did not effect the desorption 
of 4A, 2A, or TNB. They concluded that surfactants were most beneficial when soil 
explosives concentrations are low, i.e., < 1500 mg/kg.
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2.2 Chemical Oxidation
AOPs involve the use of oxidizers such as ozone or hydrogen peroxide to oxidize 
organics to nontoxic compounds. During oxidation the exchange o f electrons between 
chemical species effects a change in the valence state o f contaminants. Oxidation 
processes involve oxidation-reduction (redox) reactions because one species gains 
electrons and another loses electrons (Nyer 1992).
Oxidizers may be used singly or in combination (as in the case o f peroxone).
There are two pathways for destruction of organic contaminants by oxidation products; 
direct attack by electrophilic addition or indirect attack by free radicals produced by 
reaction with water and water constituents. The reaction o f  ozone or hydrogen peroxide 
alone with OH, CH3, and OCH 3  groups is strong but is weaker with NO,, CO,H, and 
CHO groups (Langlais et al. 1991). The American Society o f Testing and Materials
(1995) indicates that the hydroxyl radical usually reacts one million to one billion times 
faster than molecular ozone. According to research into TNT degradation, TNB is one 
potential intermediate o f TNT oxidation, among several others, and the CH 3  is probably 
the first portion o f the TNT molecule to be attacked. Dark and illuminated AOPs will be 
discussed individually in the sections which follow.
2.2.1 Dark Advanced Oxidation Processes (AOPs)
Dark AOPs are oxidation technologies which do not incorporate ultraviolet light. 
Examples o f  dark AOPs are Fenton’s process, peroxone, and sonolysis. Each is discussed 
below.
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2.2.1.1 Fenton’s Process
Considerable research has been conducted for remediating contaminated soils 
utilizing Fenton’s reagent, a mixture o f ferrous iron salts and hydrogen peroxide. Fenton’s 
reagent results in generation o f hydroxyl radicals and is illustrated below:
H2 0 2  + Fe2~ —> OH + OH* + Fe3+
RH + OH* —> ROH + H’
RH + OH* —>R* + H20
A number o f contaminants have been treated utilizing Fenton’s process on 
contaminated soils and waters. Watts and Dilly (1996) evaluated Fenton’s process for 
remediation o f  diesel-contaminated soils. They found that iron perchlorate and iron nitrate 
with 1.5 M hydrogen peroxide resulted in > 99% oxidation o f 1000 mg/kg diesel in one 
hour.
Gurol and Ravikumar (1991) evaluated Fenton’s process for treatment o f penta- 
chlorophenol (PCP) and trichloroethylene (TCE) and reported 27% and 31% removal was 
obtained, respectively. Ravikumar and Gurol (1990) report that hydrogen peroxide alone 
cannot oxidize PCP. They believed that PCP was reduced 27% by the reaction o f hydro­
gen peroxide with iron already present in the soil. Watts, et. al (1990) evaluated treatment 
of PCP using Fenton’s process and found that concentrations were reduced 90% in less 
than 6  hours. Gates and Siegrist (1993) investigated in-situ Fenton’s reagent treatment o f 
TCE-contaminated soil and achieved >90% destruction of TCE in less than 2 hours.
Ravikumar and Gurol (1991) investigated Fenton’s reagent oxidation of PCP in 
order to improve its biodegradability. Oxidation was evaluated as a precursor to bio-
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degradation o f  PCP intermediates of oxidation. Their studies were conducted in columns 
and the concentration of PCP monitored in water exiting the columns. Concentrations of 
PCP in water exiting the column undergoing oxidation decreased from 100 mg/1 to 
2 0  mg/ 1  in approximately 150 hours.
Watts (1992) evaluated the Fenton’s process for remediation of petroleum- 
contaminated soils from an equipment storage yard in Reno, Nevada. Watts found that 
concentrations of 2000 mg/kg total petroleum hydrocarbons (TPH) can be reduced to 
below the action level for the site o f 1 0 0  mg/kg.
Li, et al. (1997) evaluated Fenton’s process for remediation of TNT-contaminated 
soils from the former Nebraska Ordnance Plant. Soils were washed in cycles with distilled 
water, followed by oxidation evaluations o f the filtrate. They indicate that more than 40% 
of the TNT was mineralized within 24 hours by Fenton oxidation. Photocatalyzation of 
Fenton oxidation resulted in 90% mineralization within 24 hr. Primary end-products of 
TNT oxidation were oxalate, nitrate, water, and carbon dioxide. They also evaluated 
plant establishment and growth on the washed soil. As the number o f wash cycles 
increased, the germination rate of plants increased. However, after two wash cycles, the 
germination capacity did not significantly increase.
Maloney, et al. (1994) reports that researchers studied treatment of explosives in 
water using Fenton’s process. They found that TNB removal was approximately an order 
of magnitude higher than that estimated from H2 0 2/UV experiments. But, Fenton’s 
reagent was only half as effective in TNT removal in comparison with 0 3/UV treatment.
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2.2.1.2 Peroxone
The synergistic effect o f hydrogen peroxide and ozone (peroxone) results in the 
production o f hydroxyl radicals which are nonselective in their reactions. The hydroxyl 
radical is a highly reactive oxidizer and is produced during the reaction o f hydrogen 
peroxide and ozone according to the following equations:
H2 0 2  —> H 02- + H+
HO,- + o 3  —> 0 3- + HO,
HO, —> H + 0 2  -  
o2- + 0 3  —> O3 - + o2 
O 3 - + H+ —> HO3  
H 0 3  —> OH* + 0 2
In the aforementioned equations, hydrogen peroxide (H2 0 2) disassociates in water 
to form peroxide (H02-) and a hydrogen ion (H~). Peroxide reacts with ozone to form an 
ozonide (0 3-) and hydroxy peroxide (HO,). Hydroxyperoxide disassociates into hydrogen 
ion and superoxide (0 2-) which reacts with ozone to form ozonide and oxygen. The 
ozonide reacts with hydrogen ion to form a hydroxyl radical (OH*) and oxygen. Because 
the hydroxyl radical is highly reactive, it is able to react with organic species. In the case 
of explosives compounds, the explosive is converted into a nontoxic compound.
However, there are inhibitors or “scavengers” of hydroxyl radicals which tend to consume 
the hydroxyl radical before the superoxide anion (Oz-) is regenerated (see equations 
above). Typical scavengers include bicarbonate and carbonate ions, alkyl groups, tertiary
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alcohols, and humic substances (Langlais 1991). In addition to the aforementioned 
scavengers, the oxidizers themselves, i.e., ozone and hydrogen peroxide, may act as 
scavengers, if added in inappropriate doses, i.e., overdosing the system. Once the 
hydroxyl radical is scavenged by the inhibitors, it is not available for degradation of the 
target contaminants.
Most, if not all, o f the studies presented to date utilizing peroxone oxidation are 
for groundwater remediation. Previous studies of peroxone oxidation o f geosmin and 
2-methylisobomeol (2MIB) were presented in a paper by Koch et al. (Koch et al. 1992). 
The results of their studies indicated that 80-90% of geosmin and 2MIB could be removed 
using peroxone and that the use o f peroxone may result in significant cost savings. The 
Metropolitan Water District o f  Southern California (1991) also evaluated peroxone using 
pilot-scale systems for removal o f 2MIB and geosmin and determined a hydrogen 
peroxide-to-ozone molar ratio (H2 0 2  / 0 3  ratio) o f 0 .1 to 0.2 was optimal for their 
application.
Studies were conducted by Bellamy et al. (Bellamy et al. 1991) to determine 
whether peroxone was an effective treatment method for volatile organic compound 
(VOC)-contaminated groundwater. Their studies indicated that dichloroethene (DCE), 
TCE, and perchloroethene (PCE) could be reduced to below the required standard o f 5 
Mg/1. They studied the H2 0 2  /  0 3  molar ratio and found that a molar ratio o f 0.5 yielded 
higher volatile organic compound (VOC) oxidation rates and represented the most 
efficient use of oxidants when compared to other ratios. They evaluated ozone mass feed 
rates and found that the higher ozone mass feed rate yielded higher oxidation rates.
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McGuire and Davis (1988) evaluated the by-products o f trihalomethane redox 
reactions in groundwater after treatment using chlorine, peroxone, and ozone/chloramines. 
They found that peroxone was much more effective than chlorine and ozone/chloramines 
due to much lower concentrations o f by-products in the effluent stream. McGuire and 
Davis (1988) recommend a 0.5 to 1 H20 2 / 0 3 molar ratio for trihaolomethane oxidation. 
Hoigne and Bader (1983) indicate that if the ratio is less than 0.5, inefficient conversion of 
0 3 to OH* will occur. If the ratio is greater than 0.5, resulting in excess H20 2, the H20 2 
may act as a scavenger o f the OH*.
Glaze and Kang (1988) evaluated oxidation of TCE and PCE using ozonation 
alone and peroxone. They found addition o f hydrogen peroxide to the ozone process 
(peroxone) increased the rate of TCE destruction by a factor o f two to three and increased 
the rate o f PCE destruction by a factor of two to six, depending on the ozone dosage.
Zappi (1995) evaluated removal of TNT from 1 mg/1 TNT spiked solutions using 
peroxone on the bench-scale level. The optimal treatment conditions for removal o f  TNT 
were 100 mg/1 hydrogen peroxide sparged with 2%  ozone for those evaluations. Studies 
by Zappi (1995) also revealed that excess oxidizers may result in adverse effects upon the 
peroxone system by scavenging hydroxyl (OH*) species generated for the purpose o f 
explosives degradation.
Aieta, et al. (1988) compared the costs o f peroxone to costs for air stripping and 
GAC for remediation of TCE and PCE and determined that peroxone costs were approxi­
mately $0.94/1000 gal. They determined that GAC treatment was 200 to 320 percent 
more expensive than peroxone treatment.
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2.2.1.3 Sonolysis
Sonolytics involve the use of high-frequency sound to cavitate a liquid medium, 
forming small microbubbles where hydroxyl radicals are formed at the microbubble 
interface. Cavitation requires a minimum frequency of 18 kHz and the higher the electrical 
energy input, the greater the cavitational intensity (U. S. Army Environmental Center 
1996). The U. S. Army Environmental Center also indicates there is a maximum amount 
o f energy that can be transmitted to the liquid medium. Once that energy is exceeded, 
surface cavitation occurs, preventing the ultrasonic wave from radiating throughout the 
liquid.
The implosion o f ultrasonically generated cavitation bubbles may result in 
sonochemical reactions (Koskinen, et al. 1994). Because the collapse o f a sonolytic 
bubble occurs so rapidly, the temperature inside the bubble reaches thousands o f degrees 
K (Petrier, et al. 1992). One theory for the mechanism of contaminant destruction using 
sonolysis, the “hot-spot theory”, suggests that cavitation occurs in sonolysis systems due 
to the extremely high temperatures and pressures that result when a bubble implodes (Hua 
and Hoffmann 1996). Hua and Hoffmann (1996) also suggest that reactions due to 
sonolysis are contaminant specific. They found that the initial concentration o f carbon 
tetrachloride does not effect the first-order rate constant for degradation using sonolytics. 
However, they also determined that the degradation of p-nitrophenol is inversely related to 
its initial concentration. Their research revealed that the higher the Kow the more likely the 
contaminant would partition to the hydrophobic cavitation bubble interface. Compounds 
with low vapor pressure are not likely to mineralize due to entrance into the gas phase of
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the microbubbles generated via sonolysis, but are more likely to react with free radicals 
which are solubilized.
During ultrasonic cavitation, approximately 30,000 cavity implosions occur per 
second. Literature presented by Blue Wave Ultrasonics (Blue Wave Ultrasonics 1993) 
indicates that temperatures o f approximately 5500 degrees C, pressures of 7500 pounds 
per square inch (psi) and jet propulsions of liquid at 400 km / hr can occur against an 
immersed surface.
Sonolysis has been used to oxidize alcohols (Murali Krishna, et al. 1987), 
substituted phenols (Kotronarou, et al. 1991), volatile chlorinated hydrocarbons (Cheung, 
et al. 1991), parathion (Kotronarou, et al. 1992), and hydrogen sulfide (Kotronarou, et al.
1992). It has been postulated that destruction of volatile components occurs due to direct 
combustion within the gas phase of the hot collapsing cavitation bubbles. However, in the 
mineralization of semi-volatiles or nonvolatiles there appears to be different mechanisms 
involved. Some potential theories proposed by Olson and Barbier (1994) are presented 
and described below.
(1) Combustion of solutes in the hot interfacial zones of cavitation bubbles.
(2) Free radicals produced from sonochemical decomposition of water molecules.
Kotronarou, et al. (1992) indicates that combustion is the prominent reaction at
high solute concentrations while free radical reactions are likely to predominate at low 
solute concentrations.
The reaction of sonolytic systems with water forms H and OH* radicals 
according to the following equation (Kotronaru, et al. 1992):
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H20 —> H +OH"
Kotronaru, et al. (1992) indicates the OH" radicals may react in the hot vapor 
phase (produced from the microbubble implosions associated with sonolysis) or they may 
diffuse into and react with the surrounding liquid phase.
Sonolysis has been used for a number of applications. The U.S. Army Environ­
mental Center evaluated sonolysis in combination with detergents as a replacement for 
chlorinated solvent degreasing at the Corpus Christi Army Depot (U.S. Army Environ­
mental Center 1995). They found that contaminated parts were cleaned within 5 minutes 
using a combination o f ultrasonics and Brulin 815GD. Other uses of ultrasonics include 
oxidation o f recalcitrant chemicals, cell disruption, enzyme extraction, polymerization, 
long chain molecule destruction, emulsification, particle dispersion or coagulation, 
crystallization, and degassing.
Studies performed by Koskinen, et al. (1994) indicated that the destruction o f 
alachlor and atrazine followed first-order kinetics. Although Koskinen, et al. (1994) were 
unable to determine the mechanism for sonolytic decomposition o f alachlor or atrazine, 
they used I4C to assess whether concentration changes were due to decomposition or 
volatilization and determined that alachlor and atrazine were being destroyed. However, 
the authors believed that the mechanism for alachlor and atrazine destruction was probably 
the result o f attack on the alachlor and atrazine by hydroxyl free radicals. The authors 
also suggest that other methods o f degradation may be faster and specifically mentioned 
ultraviolet irradiation (photolysis). But, the authors also suggested that evaluations o f 
more energy intensive sonolytic equipment may yield more comparable reaction rates.
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Hua, Hochemer, and Hoffmann (1995) evaluated sonolytic hydrolysis o f p- 
nitrophenyl acetate. They believed that hydroxyl radical attack occurred in an area near 
the bubble interface at temperatures < 440 K. They report that pyrolysis also occurred in 
a hotter interfacial region with an average temperature of 900 K. Products o f sonolysis 
were short-chain carboxylic acids, CO,, N 0 3-, and NO,'1.
Olson and Barbier (1994) studied the use of sonolysis and ozone, termed sono- 
zone, for treatment o f natural organic matter. After 60 minutes o f treatment, 91% o f the 
total organic carbon (TOC) was mineralized. Olson and Barbier (1994) found that a 
significant fraction of TOC is lost due to volatilization during evaluations o f ozonation 
alone, but that virtually all of the TOC removed using a combination o f  sonolysis and 
ozonolysis was due to mineralization. However, when sonozone was applied to a high- 
color groundwater sample containing 2.8 mg/1 TOC and 35 mg/1 bicarbonate, TOC 
removal was negligible. After pretreatment to remove the carbonate species, 90% of the 
TOC was removed in 40 minutes.
Kotronarou, et al. (1992) studied mineralization of hydrogen sulfide using sonoly­
sis and concluded that rapid oxidation occurred due to the reaction o f HS with OH*.
They also concluded that the piezoelectric unit used in their studies was not the optimum 
reactor configuration for generation o f implosive bubbles since the high-intensity sound 
waves were generated at the tip o f the horn. Kotronarou, et al. (1992) performed pre­
liminary experiments with a larger surface sonolytic unit and found that hydrogen sulfide 
oxidation proceeded at a faster rate at ultrasonic intensities that were one order o f 
magnitude lower than those used with the direct immersion hom. Kotronarou, et al.
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(1992) research indicated larger radiating surfaces result in greater energy efficiencies than 
the direct immersion probe reactor, which had a smaller radiating surface.
In additional studies, Kotronarou, et al. (1992) investigated the decomposition of 
parathion in solution using sonolysis. The results indicated that the phosphorus-sulfur 
double bond and the phosphorus-nitrophenolate single bond are broken and sulfate and p- 
nitrophenol are formed. p-Nitrophenol degrades further to NOy, benzoquinone, 
4-nitrocatechol, and organic acids. French researchers have investigated the sonolytic 
degradation of pentachlorophenate and found that fast cleavage o f the carbon-chlorine 
bond occurred, resulting in release o f chlorine. Eventually pentachlorophenate was 
mineralized to carbon dioxide (Petrier, et al. 1992).
Cost, et al. (1993) evaluated sonochemical degradation o f  p-nitrophenol in natural 
waters. They compared the rate of p-nitrophenol degradation in natural waters to that of 
pure waters. Their results indicated that sonification reduction rates o f p-nitrophenol were 
basically the same for both natural and pure waters and were not affected by the chemical 
components of natural waters.
Weavers, Ling and Hoffmann (1998) investigated the use of sonolysis, ozonolysis, 
and sonolysis and ozonolysis in combination for remediation o f aromatic compounds, i.e., 
nitrobenzene, 4-nitrophenol, and 4-chlorophenol, in water. They evaluated sonolytic 
frequencies of 20 and 500 kHz and found that nitrobenzene degraded the fastest in the 
20 kHz reactor while 4-chlorophenol was the fastest in the 500 kHz reactor. The 
degradation rates for nitrobenzene were first order at both the 20 and 500 kHz
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frequencies. The most recalcitrant contaminant was 4-nitrophenol for both the 20 and 500 
kHz reactors.
Other uses o f sonolytics include desorption and flow improvement in sands. Pal, 
Patel, and Korflatis (1997) studied sonochemicai extraction (and ethanol) and biological 
treatment for remediation of pentachlorophenol contaminated wood. Using a three-step 
counter-current extraction under sonication, greater than 99% of the pentachlorophenol 
was desorbed from the wood. Reddi, Berliner, and Lee (1993) evaluated the use o f 
ultrasonics for improving flow in clayey sands. They found that an increase in hydraulic 
conductivity occurred after about 8 to 10 minutes of ultrasonic treatment. In addition, 
particles smaller than 0.04 mm were mobilized and particles in the range o f 0.04 mm to 1 
mm were subject to fracturing.
Ultrasonics have also been found to increase the mass transfer of ozone to solution 
(Weavers, Ling and Hoffmann 1998). Ultrasonics act to reduce the size of ozone bubbles, 
hence increase surface area contact between the ozone bubble and water phase. This 
allows more ozone to enter the system than in systems without ultrasonic treatment.
There are four types of laboratory-scale ultrasonic equipment commercially avail­
able. The bath, probe, and cup-horn systems are driven by electromechanical transducers 
while the whistle reactor relies on mechanical generation of ultrasonic power.
2.2.1.3.1 Piezoelectric T ransducers
Piezoelectric transducers are the most commonly used and involve the application 
of charges to a piezoelectric material such as quartz. The result is fluctuations in dimen­
sions and transmittance of ultrasonic vibrations into another medium. It should be noted
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that piezoelectric crystals cannot be driven efficiently at every frequency. Crystalline 
materials have a natural resonance frequency at which they operate optimally (Mason and 
Lorimer 1998). Other piezoelectric materials include barium titanate, lead metaniobate, 
and mixed crystal lead zirconate titanate. Piezoelectric transducers are relatively 
inexpensive when compared to magnetostrictive transducers.
Problems associated with the use of piezoelectric transducers include the 
deterioration o f  the unit over time and decreased energy transfer efficiency (Hancock 
1998). The piezoelectric crystal deteriorates with use over time and tends to depolarize 
itself, reducing the strain characteristics of the crystal. The crystal cannot displace the 
diaphragm as much, less vibratory energy is produced, and a decrease in cavitation occurs. 
Energy transfer problems occur in the piezoelectric transducer because energy is absorbed 
by parts immersed in the bath.
2.2.1.3.2 Magnetostrictive Transducers
Magnetostrictive ultrasonics involve the application of a magnetic field across 
materials such as nickel or iron. A magnetostrictive transducer usually consists o f a rod 
which acts as a magnetic core within a solenoid (Mason and Lorimer 1998). Application 
of a varying current results in changing the dimensions in the bar and transmittance of 
ultrasonic vibrations. Mason and Lorimer (1998) indicate an advantage o f  magneto­
strictive ultrasonics is a vastly greater driving force over that of piezoelectric ultrasonics. 
Magnetostrictive transducers are also more durable than piezoelectric transducers.
A disadvantage of magnetostrictive transducers is that they are limited to fre­
quencies below 100 kHz due to construction materials. Another disadvantage associated
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with magnetostrictive transducers is the cost associated with their application 
($0.10 - $. 12 / kw), 1 kw / hr / sq. ft.
2.2.2 Illuminated Advanced Oxidation Processes (AOPs)
2.2.2.1 Photolysis
Many redox reactions require the input of energy in the form of heat, ultraviolet 
light, or chemical additions to economically facilitate a desired reaction (Nyer 1992). 
Photolysis is a photochemical process which supplies the required photon energy to break 
the bonds in chemical compounds, in some cases without the addition o f another reagent. 
Photolysis effects changes in organic compounds which otherwise might not be attainable. 
The electronic excitation o f a molecule or solid that results when it absorbs light may 
drastically alter its ability to lose or gain electrons or may be used to directly break bonds 
photolytically within the pollutant molecule (Rajeshwar 1996).
Breaking of the bonds is accomplished by the supply o f quantized photons which 
correspond to the bond energy o f the molecules. These photons have to be o f  the exact 
quantized energy (exact wavelength or frequency) which corresponds to that energy at 
which the electrons of that molecule absorb to be promoted to a higher energy level than 
that o f the ground state. This electron energy will be lost by several competing processes 
such as radiative processes, i.e., phosphorescence, non radiative processes, or by chemical 
reactions such as isomerization and decomposition. Decomposition takes place when the 
absorbed energy is sufficient to photolyze the molecule by breaking the bonds 
symmetrically between its various atoms. Thus, photolysis always involves the formation 
o f free radicals which propagate in chain reactions generating more free radicals and
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causing more bonds to break, creating very efficient chemical processes not otherwise 
attainable by the usual chemical reactions.
Photodecomposition o f organic chemicals via natural sunlight generally must occur 
at wavelengths greater than 285 nm. Many researchers indicate that explosives are 
photodegraded most efficiently at a wavelength o f 254 nanometers (nm) (Maloney, et. al 
1994). McBride (1994) states that photodecomposition may not be very significant in 
soils because photolysis occurs only at the soil surface. Organics and soil minerals 
strongly adsorb light, blocking ultraviolet penetration beyond a very thin surface layer.
TNB contains chromophores which absorb ultraviolet light in the environmentally 
significant range (natural sunlight), i.e., wavelengths greater than 290 nm. This suggests 
that TNB can be photolyzed when exposed to sunlight. The half-life for TNB vapor with 
photochemically generated hydroxyl radicals in the atmosphere has been estimated at 
35 years. The estimated reaction rate constant for TNB is 1.3E-15 cm3/molecule-sec at 
25°C and an average hydroxyl radical concentration of 5.0 x 105 molecule/cm3 (McBride 
1994).
McBride (1994) reports that paraquat photodecomposes more effectively when 
adsorbed on layer silicate minerals than when in solution. He indicates this may be 
because the adsorption on clay shifts the ultraviolet absorption band o f paraquat to longer 
wavelengths ranging from 256 nm to 275 nm. Adsorption on clay increases the proba­
bility that ultraviolet illumination will decompose paraquat.
Two types of ultraviolet light were evaluated during this study, low pressure 
(LPUV) and medium pressure (MPUV). The spectral emissions for the LPUV and
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MPUV vapor lamps are presented in Figures 2.1 and 2.2, respectively. The LPUV light 
produces 85 percent o f the light monochromatically at a wavelength o f  254 nm. The 
MPUV light produces a range of wavelengths from 190 to 600 nm. The UV adsorption, 
spectra for ozone and hydrogen peroxide are presented in Figure 2.3. Typically, LPUV 
systems are used in combination with ozone while MPUV systems are used in combination 
with hydrogen peroxide due to the wavelengths emitted from the lamps and the adsorption 
spectra of the oxidizers. The UV energy is produced by the lamp which contains mercury 
vapor (Tchobanoglous and Burton 1991). The mercury vapor is charged by striking an 
electric arc. Excitation o f the mercury vapor contained in the lamp results in the emission 
of UV light. Water must be relatively free o f turbidity that would absorb the ultraviolet 
energy and shield the contaminants
Most of the photolysis research performed to date has been for treatment o f 
groundwater contamination and has generally involved the addition o f  oxidizers. Beltran, 
Ovegero, and Acedo (1993) found that atrazine was oxidized utilizing photolysis (254 nm 
wavelength, with no oxidizers) alone but oxidation rates were greatly increased by the 
addition of hydrogen peroxide to the system. Photolysis has been used to disinfect 
wastewater for years (Loge, Darby, and Tchobanoglous 1996). Fleming, Bricka, and 
Bailey (1995) found that photolysis (LPUV, 254 nm wavelength) o f explosives contami­
nated water from the Picatinny Arsenal resulted in degradation o f the explosives but 
unknown intermediates were formed which were beyond the scope of the study to 
identify.
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Figure 2.1. Spectral Emissions for Low Pressure Mercury Vapor Lamp
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Under the U.S. Environmental Protection Agency’s (USEPA) Superfund 
Innovative Technology Evaluation (SITE) program, bench-scale testing o f photolysis of 
polychlorinated biphenyls (PCBs) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) was 
evaluated on contaminated soils (no slurrying with water was involved) (USEPA 1995). 
They evaluated medium-pressure mercury lamps, a 10-Hz pulsed lamp, and natural 
sunlight. Tests were conducted approximately 10 in. above the soil. They attained 23% 
to 69% destruction of PCBs in photolysis evaluations. However, there appeared to be no 
destruction o f TCDD.
2.2.2.2 Photolysis/Chemical Oxidation
Photolysis/Chemical Oxidation evaluations were a combination o f the techniques 
described above in sections 2.2.1.2 and 2.2.2.1. Photolysis/Chemical oxidation involves 
ultraviolet light in combination with ozone and/or hydrogen peroxide. The synergistic 
effect of photolysis / chemical oxidation has been studied for a number o f chemical 
compounds including explosives.
Ho (1984) studied the degradation o f 2,4-dinitrotoIuene (DNT) in aqueous 
solution using hydrogen peroxide and UV radiation from a medium-pressure mercury 
vapor lamp. The author reported that the most effective conditions for degradation of 
DNT consisted of a molar ratio of hydrogen peroxide to DNT of 26 to 52. The 
intermediates identified were 2,4-dinitrobenzyl alcohol, 2,4-dinitrobenzaldehyde, 2,4- 
dinitrobenzoic acid (dominant), 1,3-dinitrobenzene, 3-nitrophenol, 2,4-dinitrophenol, 
maleic acid derivatives, oxalic acid, glyoxal, and glyoxylic acid. The proposed degrada­
tion pathway was sidechain oxidation, converting DNT to 2,4-dinitrobenzoic acid,
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followed by decarboxylation to form 1,3-dinitrobenzene. The 1,3-dinitrobenzene was 
converted to mono-, di-, and trihydroxynitrobenzenes by hydroxylation. The hydroxyni- 
trobenzenes were degraded due to benzene ring cleavage, which produced 2- and 4- 
carbon carboxylic acids and aldehydes. Further photooxidation resulted in conversion o f 
the 2- and 4-carbon carboxylic acids and aldehydes to carbon dioxide, water, and nitric 
acid.
Maloney, et al. (1994) present the results o f  a number of AOP studies for remedi­
ation of explosives-contaminated wastewater and groundwater. A study conducted by 
one researcher using LPUV and ozone indicated 90% destruction of TNT and RDX in less 
than 15 minutes. Likewise, another researcher detected 10% of initial TNT after 
30 minutes o f treatment using LPUV and ozone. However, other researchers report TNT 
photodecomposition to be practically negligible based on endproducts. Maloney, et al.
(1994) also reports that TNB remained as a recalcitrant by-product. No significant 
advantage of adding 0 3 or H20 2 for destruction o f nitroamines was found. However, the 
TNT degradation rate increased considerably when ozone or hydrogen peroxide were 
added to UV.
Maloney, et.al (1994) reports that researchers evaluated ozone/UV, hydrogen 
peroxide/UV, and ozone/hydrogen peroxide/UV for treatment o f TNT and TNB. They 
found the highest treatment was in the ozone/hydrogen peroxide/UV system. However, 
based on the number o f moles o f oxidant consumed, the ozone/hydrogen peroxide 
(peroxone) system was most effective. Maloney, et al. (1994) also reports that researchers
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found that TNT could be removed by UV photolysis but that TNB was formed as a 
persistent by-product. In addition, TNB was most efficiently removed by ozone/UV.
Mokrini, Ousse, and Esplugas (1997) studied oxidation o f aromatic compounds 
using photolysis, ozone, and hydrogen peroxide. They studied phenol oxidation using 
continuous dosing of hydrogen peroxide and reported that the oxidation rate of phenol 
first increases when hydrogen peroxide concentration increases but decreases at high 
concentrations of hydrogen peroxide. The optimal concentration o f hydrogen peroxide in 
their system was 63.7 x 10'3 mol/1 and corresponded to removal o f all phenol and 40% 
TOC after 7 minutes reaction time.
2.3 Endproducts of Explosives Treatment Using Advanced Oxidation Processes
The endproducts o f oxidation of explosives have been investigated by a number of 
researchers. Spanggord, Yao, and Mill (1997) investigated the products resulting from 
the reaction o f peroxone and aminodinitrotoluenes and found the endproducts were 
glyoxylic acid, pyruvic acid, glyoxal, and pyruvic aldehyde. In separate studies, 
Spanggord assessed endproducts of TNT oxidation after peroxone treatment and reported 
endproducts were formaldehyde, acetaldehyde, glyoxal, glyoxylic acid, nitrate, and 
carboxylic acids.
Ho (1986) reports results of photooxidation and hydrogen peroxide treatment of 
2,4-DNT. He found the degradation pathways o f 2,4-DNT were (1) side-chain oxidation 
which converted DNT to 1,3-dinitrobenzene, (2) hydroxylation o f  the benzene ring, con­
verting 1,3-dinitrobenzene to hydroxynitrobenzene derivatives, (3) benzene ring cleavage 
of the hydroxynitrobenzenes, producing low molecular weight carboxylic acids and
57
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
aldehydes. After further photooxidation, the low molecular weight acids and aldehydes 
were converted to carbon dioxide, water, and nitric acid.
Zappi (1995) proposed an oxidation pathway for TNT and TNB which resulted in 
formation of aldehydes, glyoxylic acid, formic acid, and oxalic acid. Final proposed 
products are nitrate and carbon dioxide. Hong (1994) predicts that TNT may also form 
picric acid (trinitro-phenol). Bhadra, et. al (1999) reports the results o f oxidation 
products o f TNT metabolism in phytoremediation systems and identified 2-amino-4,6- 
dinitrobenzoic acid (4.4%), 2,4-dinitro-6-hydroxy-benzyl alcohol (8.1%), 2-N- 
acetoxyamino-4,6-dinitrobenzaldehyde (7.8%), and 2,4-dinitro-6-hydroxytoluene (15.6%).
Langiais et. al (1991) propose pathways for oxidation of aromatics which includes 
formation of a polyhydroxy aromatic or quinoids followed by formation o f unsaturated 
aliphatic, and finally formation o f saturated aliphatics and total degradation to carbon 
dioxide, water, and nitrate compounds.
Numerous potential pathways exist in the oxidation of TNT, TNB, HMX, and 
RDX. Although this dissertation does not focus on this aspect of study, it is a vital 
consideration in the identification o f a treatment technology.
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CHAPTER 3. MATERIALS AND METHODS
3.1 Objectives
The general objective of this research was to determine whether dark and illuminated 
AOPs are capable o f remediating explosives contamination in soils. Target levels for 
remediation were based on soil screening levels and were 370 mg/kg for trinitrotoluene 
(TNT), 2200 mg/kg for RDX, 37 mg/kg for TNB, and 37,000 mg/kg for HMX (USEPA 
1998) (anticipated RDX and HMX concentrations were < 2200 mg/kg and <37,000 
mg/kg, respectively, prior to treatment). Since TNB is one o f the potential intermediates 
o f TNT destruction, TNB was a contaminant o f concern as treatment proceeds. 
Endproducts o f the optimal techniques were evaluated during optimization evaluations. 
Specific objectives of the study were as follows:
•  Evaluate dark and illuminated AOPs for remediation of explosives-contaminated 
soils using raw soils, slurried soils, and filtrate from a soil/water slurry.
•  Determine the two optimal treatment techniques based on preliminary evaluations.
•  Determine the maximum solids loading level for the optimal treatment technique.
•  Determine the treatment efficiency o f the optimal treatment technique(s).
•  Determine the treatment time (in direct soil treatment, i.e., no slurrying) or 
number of desorptions (in treatment o f filtrate) required to attain the soil 
screening levels, i.e., 370 mg/kg TNT and 37 mg/kg TNB.
•  Determine an optimal treatment technique based on evaluation of two techniques.
•  Determine the kinetic rates of reaction and endproducts of the optimal treatment 
technique.
The approach to this study is presented in Figure 3.1 and discussed below.
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Figure 3.1 Diagram of Study Approach
3.1.1 Characterization of Soils
Soil characterization involved analysis of composition, i.e., percent sand, silt, and 
clay, soil pH, specific gravity, TOC content, and CEC. Crystalline and amorphous iron, 
aluminum and manganese oxide content were also determined. Aluminum, iron, and 
manganese oxides can oxidize some acids and Lehmann (1986) found that oxidation 
products of ferulic acid were sorbed to manganese oxide.
3.1.1.1 Soil Homogenization
Figure 3.2 represents the procedures used to homogenize the Yorktown Naval 
Weapons Station soils. The U.S. Army Engineering Research and Development Center 
(ERDC), Waterways Experiment Station (WES) received two 5-gallon buckets of 
Yorktown Naval Weapons Station soils. The soils were mixed in a large container using 
shovels six times for one hour each time. After mixing, the soils were sieved three times 
using a No. 10 sieve. Particles larger than 2 mm were discarded while the sieved soils 
were remixed. The soils were mixed in an Elbow mixer four times for an hour each time 
and sampled and analyzed in triplicate.
3.1.1.2 Soil Slurry Preparations
Soil slurries were prepared by mixing 10%, 20%, or 30% solids (by weight), with 
distilled water and contacting for 24 hours. Soils were mixed in a NDS Technologies 
3 liter glass reactor, model no. 03099803 using an ACE Glass Lightnin stir rod (model no. 
TS2010) and elbow mixer, model no. C23600. After that time, treatment was either 
applied to the slurry or the water phase was filtered and treatment applied to the filtrate.
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Soils sampled and analyzed in triplicate
Receipt of 10 gallons of Yorktown 
Naval W eapons Station Soils
Soils remixed (4) times 
for an hour each time
Soils sieved using 
a No. 10 sieve
Soils mixed with shovels (6) times, 
(1) hour each time
Particles >2 mm 
discarded
Particles <2 mm 
remixed
Figure 3.2 Procedure for Homogenization of Yorktown Naval Weapons Station Soils
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The soil/water slurries were centrifuged in a Hermle Marathon 21, model number C23600 
centrifuge and filtered using a Fisher KG-90 microfiltration and Whatman glass microfibre 
filters (GF/F), catalog no. 1825090. In the case o f dry soil applications, samples were 
merely collected from the sample containers and treatment applied with no further sample 
preparation.
3.1.1.3 Desorption Evaluations
Figure 3.3 represents the procedures used for desorption evaluations. These tests 
involved determination of the contact time required to attain equilibrium between the 
explosives-contaminated soils and water. Desorption evaluations were conducted using 
10%, 20%, and 30% solids at contact times o f 24, 30,48, and 72 hours. The soils and 
water were contacted in toxicity characteristic leaching procedure (TCLP) type tumblers 
at 25 revolutions per minute (rpm). At the end of the contact time, the solid and water 
phases were centrifuged, separated, and analyzed for TNT, TNB, HMX, and RDX. 
Equilibrium time was when the explosives concentrations in the aqueous phase were no 
longer increasing.
Figure 3.3 represents the procedures used for development o f desorption kinetics. 
Sequential desorption tests involved contacting the 10%, 20%, and 30% slurries for the 
previously determined equilibrium time. The liquid and solid phases were centrifuged, 
separated, and the liquid analyzed for TNT, TNB, HMX, and RDX. The solid phase was 
recontacted with water for the equilibrium time and the solid and water phases centrifuged 
and separated. The water was analyzed for TNT, TNB, HMX, and RDX. Each contact, 
separation, and analysis phase constituted a cycle and a total of (4) cycles was evaluated.
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At the End o f Four Cycles
Reslurry Solids and Treated 
Filtrate for 24 Hours
Slurry Explosives-Contaminated 
Soils for 24 Hours
Figure 3.3. Schematic Diagram of Desorption Evaluations
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3.1.2 Preliminary Evaluations
The preliminary evaluations conducted are presented in Table 3.1. All 
evaluations were conducted for a period of one hour, with the exception of Fenton’s 
reagent tests (24 hours). The selection of a one hour testing period was based upon past 
experience and available literature. In addition, implementation costs for photolysis, 
sonolysis, and peroxone may become exorbitant at longer treatment times. However, in 
the case o f Fenton’s reagent, the chemicals were added and do not require energy input as 
do the other technologies being evaluated. Hence, treatment costs are not significantly 
increased by longer retention times. The tests that were performed during preliminary 
evaluations are described below.
Run nos. 1 through 38 were conducted using 10% solids (for slurried and filtrate 
samples) and 2” layers in the case o f raw soil evaluations. Run nos. 1 through 38 were 
used to identify the (2) optimal treatment techniques for optimization evaluations. 
Additionally, preliminary evaluations were conducted using 20% and 30% solids (see run 
nos. 39 through 44, 47 through 49, 54 through 57, 62 through 69, and 74 through 81) 
using the (2) optimal treatment techniques, prior to initiation of the optimization 
evaluations. The purpose o f the additional preliminary evaluations, i.e., 20% and 30% 
solids, was to assess the effectiveness of the (2) optimal treatments, which were selected 
based on 10% solids, on 20% and 30% solids. Run nos. 58 through 69 and run no. 82 
were used to preliminarily assess the effect o f lowering the ozone dosage from 2% to 1%, 
prior to initiation o f optimization evaluations. Ozone was selected to be varied during
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Table 3.1 List o f Preliminary Evaluations








H20 2 Cone. Treatment 
time, hours
1 Filtered 10 LPUV NA NA NA 1
2 Raw soil 2” layer LPUV NA NA NA 1
3 Filtered 10 LPUV NA NA 100 1
4 Raw soil 2” layer LPUV NA NA 100 ppm 1
5 Filtered 10 LPUV NA 2% NA 1
6 Raw soil 2” layer LPUV NA 2% NA 1
7 Filtered 10 LPUV NA 2% 100 ppm 1
8 Raw soil 2” layer LPUV NA 2% 100 ppm 1
9 Filtered 10 MPU NA NA NA 1
10 Raw soil 2” layer MPU NA NA NA 1
11 Filtered 10 MPU NA NA 100 ppm 1
12 Raw soil 2” layer MPU NA NA 100 ppm 1
13 Filtered 10 MPU NA 2% NA 1
14 Raw soil 2” layer MPU NA 2% NA 1
15 Filtered 10 MPU NA 2% 100 ppm 1
16 Raw soil 2” layer MPU NA 2% 100 ppm 1
17 Filtered 10 NA Mag. NA NA 1
18 Slurry 10 NA Mag. NA NA 1
19 Filtered 10 NA Mag. NA 100 ppm 1
20 Slurry 10 NA Mag. NA 100 ppm 1
21 Filtered 10 NA Mag. 2% NA 1
22 Slurry 10 NA Mag. 2% NA 1
23 Filtered 10 NA Mag. 2% 100 ppm 1
24 Slurry 10 NA Mag. 2% 100 ppm 1
25 Filtered 10 NA Pie. NA NA 1
26 Slurry 10 NA Pie. NA NA 1
27 Filtered 10 NA Pie. NA 100 ppm 1
28 Slurry 10 NA Pie. NA 100 ppm 1
29 Filtered 10 NA Pie. 2% NA 1
30 Slurry 10 NA Pie. 2% NA 1
31 Filtered 10 NA Pie. 2% 100 ppm 1
32 Slurry 10 NA Pie. 2% 100 ppm 1
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(table continued)








H20 2 Cone. Treatment 
time, hours
33 Filtered 10 NA NA NA Fenton 24
34 Slurry 10 NA NA NA Fenton 24
35 Filtered 10 NA NA 2% 100 ppm I
36 Slurry 10 NA NA 2% 100 ppm 1
37 Filtered 10 LPUV NA 2% NA 10 mins.
38 Filtered 10 LPUV NA 2% NA 15 mins.
39 Filtered 20 LPUV NA 2% NA 1
40 Filtered 20 LPUV NA 2% NA 30 min.
41 Filtered 20 LPUV NA 2% NA 45 min.
42 Filtered 20 LPUV NA 2% NA 15 min.
43 Filtered 20 LPUV NA 2% NA 10 min
44 Filtered 20 LPUV NA NA 100 ppm 30 min.
45 Raw Soil 2 “layer MPU NA NA 100 ppm 30 min.
46 CONTROL 20 NA NA NA NA 1
47 Filtered 20 NA NA 2% 100 ppm 30 min.
48 Filtered 20 NA NA 2% 100 ppm 30 min.
49 CONTROL 20% NA NA NA NA 1
50 Raw soil 2” layer MPU NA NA 100 ppm 1
51 Filtered 10% LPUV NA 2% NA 15 min.
52 Filtered 10% LPUV NA 2% NA 30 min.
53 Filtered 10% LPUV NA 2% NA 45 min.
54 Filtered 30% LPUV NA 2% NA 15 min.
55 Filtered 30% LPUV NA 2% NA 30 min.
56 Filtered 30% LPUV NA 2% NA 45 min.
57 Filtered 30% LPUV NA 2% NA 60 min.
58 Filtered 10% LPUV NA 1% NA 15 min.
59 Filtered 10% LPUV NA 1% NA 30 min.
60 Filtered 10% LPUV NA 1% NA 45 min.
61 Filtered 10% LPUV NA 1% NA 60 min.
62 Filtered 20% LPUV NA 1% NA 15 min.
63 Filtered 20% LPUV NA 1% NA 30 min.
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(table continued)








H20 2 Cone. T rea tm en t 
tim e, hours
64 Filtered 20% LPUV NA 1% NA 45 min.
65 Filtered 20% LPUV NA 1% NA 60 min.
66 Filtered 30% LPUV NA 1% NA 15 min.
67 Filtered 30% LPUV NA 1% NA 30 min.
68 Filtered 30% LPUV NA 1% NA 45 min.
69 Filtered 30% LPUV NA 1% NA 60 min.
70 Filtered 10% NA NA 2% 100 ppm 15 min.
71 Filtered 10% NA NA 2% 100 ppm 30 min.
72 Filtered 10% NA NA 2% 100 ppm 45 min.
74 Filtered 20% NA NA 2% 100 ppm 15 min.
75 Filtered 20% NA NA 2% 100 ppm 30 min.
76 Filtered 20% NA NA 2% 100 ppm 45 min.
77 Filtered 20% NA NA 2% 100 ppm 60 min.
78 Filtered 30% NA NA 2% 100 ppm 15 min.
79 Filtered 30% NA NA 2% 100 ppm 30 min.
80 Filtered 30% NA NA 2% 100 ppm 45 min.
81 Filtered 30% NA NA 2% 100 ppm 60 min.
82 Filtered 10% NA NA 1% 100 ppm 1
83 Filtered 10% LPUV NA 1.5% NA I
* Run 37 consisted o f treatment with ozone for 10 minutes followed by 30 minutes o f  LPUV.
* *  Run 38 consisted o f  treatment with ozone and LPUV for 15 mins. followed by 15 mins. o f  LPUV alone.
preliminary evaluations due to the significantly higher costs associated with its use over 
that o f hydrogen peroxide.
3.1.2.1 Photolysis and Photolysis/Chemical Oxidation (Illuminated AOPs)
Two types of photolysis evaluations were conducted; using raw soil, i.e., minimal 
moisture, (minimal moisture was added in order to evaluate H20 2 addition) and filtrate 
from a soil/water slurry. Figures 3.4 and 3.5 represent the systems used for photolysis 
evaluations o f raw soil and filtrate from the soil/water slurry. Two types of lamps were 
evaluated; a low pressure (12 watt) mercury ultraviolet lamp (LPUV, Canrad-Hanovia 
model no. L5464000) and a medium pressure (450 watt) mercury ultraviolet lamp
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Ozone Diffusing Stone 
Stir Bar
GAC: Granular activated carbon experiment set up under a fume hood

























Figure 3.5 Diagram of System for Surficial Treatment of Raw Soil in Layers
(MPUV, Canrad-Hanovia model no.PC451050). The LPUV light has a primary 
wavelength of 254 nm while the medium pressure mercury ultraviolet lamp utilizes a range 
of wavelengths o f 190 nm to 600 nm. The power supplies for LPUV and MPUV were 
Canrad-Hanovia 7830-56 and 783-450, respectively.
In the case of photolysis evaluations of filtrate from the soil/water slurries 
(including photolysis in combination with ozone and/or hydrogen peroxide), a 1-liter ACE 
Glass photochemical reactor, model no. 7863-20 was used. The hydrogen peroxide was 
Fisher Scientific 50% by weight hydrogen peroxide. The ultraviolet light source was 
housed in an ACE Glass model no. 7874-35 immersion well. Cooling water was 
recirculated around the immersion well (the ultraviolet light source may cause excessive 
heating o f the contaminated water) using a Masterflex™ 7553-71 pump.
Each evaluation, whether using raw soil or filtrate from a soil/water slurry, was 
conducted for a period of one hour. At the end of the one hour treatment time, soil and 
water (in the case of filtrate evaluations) samples were collected for explosives analysis. 
Specific evaluations are presented below.
•  LPUV
•  LPUV, 100 parts per million H20 2 (H20 2 was added using a 50% solution of 
H20 2), (represents evaluation o f photolysis and chemical oxidation)
•  LPUV, 2% ozone (photolysis/chemical oxidation)
•  LPUV, 2% ozone, 100 ppm H20 2 (photolysis/chemical oxidation)
•  MPUV
•  MPUV, 100 ppm H20 2 (photolysis/chemical oxidation)
•  MPUV, 2% ozone (photolysis/chemical oxidation)
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•  MPUV, 2% ozone, 100 ppm H2 0 2  (photolysis/chemical oxidation)
Treatment of the raw soil with hydrogen peroxide involved removing the
ultraviolet light source, spraying the raw soils with 50 mis o f a 100 ppm solution, and 
replacing the ultraviolet light source, every 10 minutes, for a total of one hour. After 
1 0  minutes o f ultraviolet illumination and oxidizer treatment, the soils were tilled in an 
effort to obtain treatment of the soils below the surface. Treatment of the raw soil with 
ozone involved placing the contaminated soil in a reactor, diffusing ozone into the system, 
and allowing offgassing o f residual ozone.
3.1.2.2 Chemical Oxidation (Dark AOPs)
3.1.2.2.1 Fenton’s Reagent and Peroxone
Chemical oxidation involved evaluation of Fenton’s reagent and peroxone (ozone 
and hydrogen peroxide). Chemical oxidation tests were conducted on a soil/water slurry 
and on filtrate from the soil/water slurry (see Figure 3.4). Figure 3.6 illustrates the system 
used for treatment of soil / water slurries. In the case of Fenton’s reagent, tests were 
conducted for a period of 24 hours. Peroxone evaluations involved contacting the soil 
slurry with oxidizers for a period o f one hour. At the end o f the treatment times, soil and 
water samples were collected for explosives analysis. The screening tests that were 
performed are presented below.
•  1 % H2 0 2, 400 mg/1 ferrous sulfate (Fenton’s reagent)
•  100 mg/1 H2 0 2, 2% ozone
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Figure 3.6 Diagram of System for Treatment o f Soil Slurries
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3.1.2.2.2 Sonolysis
Sonolysis treatment involved evaluations of magnetostrictive and piezoelectric 
ultrasonics which are illustrated in Figures 3.7 and 3.8. Sonolytic equipment design 
varies, e.g., piezoelectric vs. magnetostrictive, effecting the results of destruction 
efficiencies (Kotronaru, et al. 1992). Piezoelectric ultrasonic equipment emits one 
specified wavelength (i.e., 16 kHz or 20 kHz) while magnetostrictive equipment involves 
the use of alternating, but simultaneous, ultrasonic frequencies (i.e., 16 kHz and 20kHz) to 
permit treatment. Although data were not available to support either type as optimal for 
explosives since this is an innovative approach for their destruction, both piezoelectric and 
magnetostrictive ultrasonic equipment were evaluated.
Piezoelectric ultrasonic evaluations were conducted using an Ace Glass Micro­
processor Controlled model GE600 ultrasonic processor. The probe operated at 
123 watts o f power and 75% amplitude. Magnetostrictive ultrasonic evaluations were 
conducted using a Nearfield® acoustical processor (NAP) with thermal control, model 
number NAP-1808-TC. The system was rented from Advanced Sonic Processing Systems, 
Woodbury, CT.
Preliminary sonolysis evaluations involved contacting a 10% solid slurry with 
oxidizers and sonolytic equipment. At the end o f  the test time, soil and water samples 
were collected and analyzed for explosives. The screening tests that were performed are 
presented below.
•  Magnetostrictive ultrasonics
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Figure 3.7 Diagram o f Piezoelectric Ultrasonic System
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Figure 3.8 Diagram of Magnetostrictive Ultrasonic System
•  Magnetostrictive ultrasonics, 100 mg/1 H2 Oz (represents sonolysis and chemical 
oxidation)
•  Magnetostrictive ultrasonics, 2% ozone, (sonolysis/chemical oxidation)
•  Magnetostrictive ultrasonics, 2% ozone, 100 mg/1 H2 0 2  (sonolysis/chemical 
oxidation)
•  Piezoelectric ultrasonics
•  Piezoelectric ultrasonics, 2% ozone (sonolysis/chemical oxidation)
•  Piezoelectric ultrasonics, 100 mg/1 H2 0 2  (sonolysis/chemical oxidation)
•  Piezoelectric ultrasonics, 2%  ozone, 100 mg/1 H2 0 2  (sonolysis/chemical 
oxidation
3.1.3 Optimization Evaluations
Based upon the results o f the preliminary evaluations, two treatment techniques 
were selected for further evaluation and process optimization. The variables to be 
optimized were dependent upon the type of treatment technique selected. For example, in 
the case o f chemical oxidation, the concentration of each oxidizer and/or chemical was 
varied to determine optimal treatment conditions. Overdosing of oxidizers can result in 
negative affects on oxidation systems. Fleming, et al. (1997) indicates that overdosing of 
oxidizers in waters from the Comhusker Army Ammunition Plant resulted in reduced 
explosives oxidation. Froelich (1992) indicates this is because oxidation o f organic 
contaminants requires “activation”. Excess oxidizers can absorb the energy associated 
with UV illumination, inhibiting UV activation. The result is less oxidation o f target 
contaminants. Regardless of the treatment technique selected for further evaluation, the 
time required for treatment and the maximum solids loading was determined. The
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following variables were evaluated for each treatment technique (only two were selected
based on preliminary evaluations).
For photolysis evaluations,
LPUV, ozone - oxidizer concentration, retention time, solids loading/thickness. 
For chemical oxidation,
Peroxone (H2 0 2  and ozone) - oxidizer concentrations, retention time, solids 
loading.
For ease o f discussion, the descriptions of these processes were shortened. For 
photolysis / chemical oxidation evaluations, the following example illustrates the 
application o f the shortened notation:
The notation has the form: 1 / 2 / 3
A sample notation for LPUV treatment is: 10% LPUV 1%
where,
1 = % solids, possibilities are 10%, 20%, and 30%
2 = ultraviolet light, possibilities are LPUV or MPUV
3 = % ozone, possibilities are 1% and 2%
It should be noted that the symbol “/” is used for separating the variables in this 
description but was not used in the discussions which follow. For peroxone evaluations, 
the following example and possibilities:
The notation has the form: 1 / 2 / 3
A sample notation for peroxone is: 10% 100 1%
where,
1 = % solids, possibilities are 10%, 20%, and 30%
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2 = hydrogen peroxide concentration, possibilities are 100 ppm or 250 ppm
3= % ozone, possibilities are 1% and 2%
Optimization evaluations were conducted for one hour and were sampled at ten 
minute intervals for TNT, TNB, HMX, and RDX. In the case o f oxidizer addition and 
solids loading, two oxidizer concentrations and three solids loadings, respectively, were 
evaluated. Concentrations o f ozone in the air stream were 1% and 2%  and concentrations 
of hydrogen peroxide were 100 and 250 ppm. Table 3.2 below presents the 
corresponding ozone mass rate, ozone dose, H2 0 2  / 0 3  ratio and average ozone level. The 
ozone doses and H2 0 2  /  0 3  ratios were determined by mass balance calculations on the 
systems. Solids loadings evaluated were 10%, 20%, and 30%.















1 0 % 1 0 0 1 11.64 296.81 0.48
2 0 % 367.79 0.37
30% 188.28 0.69
1 0 % 1 0 0 2 28.77 1112.59 0.13
2 0 % 1195.94 0 . 1 1
30% 759.09 0.18
1 0 % 250 1 11.64 249.64 0.90
2 0 % 481.35 0.47
30% 459.37 0.76
1 0 % 250 2 28.77 932.18 0.38
2 0 % 1099.77 0.32
30% 850.67 0.37
1 0 % NA
(LPUV)
1 11.64 249.64 NA
2 0 % 1414.82 NA
30% 401.67 NA
1 0 % NA
(LPUV)
2 28.77 856.16 NA
2 0 % 1099.77 NA
30% 950.49 NA
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Once the optimal treatment conditions (i.e., oxidizer concentration, minimal 
retention time, solids loading) for both o f the selected techniques were defined, 
endproducts o f the two processes were determined. Endproducts of the optimization 
evaluations were evaluated to determine whether degradation had proceeded to a 
nontoxic, or less toxic, product.
3.1.4 Soil Recycling Evaluations
Soils were reslurried with treated water (after applying the optimal treatment) to 
determine whether further desorption o f the explosives would occur. Figure 3.3 presents 
a schematic diagram o f this phase of the study. Soils were analyzed after each slurry was 
filtered and treated water was analyzed after each optimal treatment was applied.
3.1.5 Explosives Analysis
The explosives were analyzed using methods described in SW 846, Method 8330, 
Nitroaromatics and Nitramines by High Performance Liquid Chromatography. In the case 
of aqueous samples, extracts were prepared using the high-level extraction method 
(section 7.1.1.2 o f Method 8330). A 5 ml aliquot o f  water and 5 mis of acetonitrile were 
combined in a scintillation vial. After agitation, the mixture was filtered through a Gelman 
Acrodisc 0.45 ^m , 25 mm diameter Teflon filter attached to a disposable syringe (10 cc 
Terumo Iuer lock tip syringe). The first 3 ml o f  filtrate was discarded, and the remainder 
was poured into a Teflon-capped amber vial and stored in an environmental chamber at 
3°C.
For soil samples, 2.0 g of soil was combined with 10.0 ml o f acetonitrile in 15 ml 
glass vials (Section 7.1.2.2 of Method 8330). The Teflon-capped vials were vortex-
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swirled for one minute, and placed in a cooled ultrasonic water bath for 18 hours. After 
sonication, the samples were allowed to settle for 30 minutes. After settling, 5 mis o f 
supernatant were combined with 5 g/L calcium chloride solution in a 20 ml vial. The vials 
were agitated and then allowed to settle for 15 minutes. The supernatant was drawn into 
a disposable syringe that was used to filter it though a Gelman Acrodisc 0.45 fj.m, 25 mm 
diameter Teflon filter. The first 3 mis o f filtrate were discarded, and the remainder was 
poured into a Teflon-capped amber vial and refrigerated at 3°C.
High performance liquid chromatography (HPLC) analysis was conducted using a 
Perkin Elmer Integral 4000 liquid chromatograph equipped with a 250 /A loop injector and 
pump capable o f achieving a 6000 psig maximum pressure limit. Samples were allowed to 
reach room temperature and 1.0 ml to 1.5 ml o f each sample was pipetted into a 2.0 ml 
crimp-top amber vial which was capped and placed into the HPLC sampling system. The 
UV detector source was a deuterium high-temperature, high -pressure arc lamp with the 
wavelength set at 254 nm. The column used a Supelco LC-18 reversed phase HPLC 
column having dimensions of 25 cm and 4.6 mm and packed with 5 iim  spherical silica. 
The autoinjector was set to inject 10 fj.L o f sample into a mobile phase of 50% methanol 
and 50% HPLC-grade water at a flow rate o f 1 ml/min. The analytes, in ascending order 
by their retention times, were HMX, RDX, TNB, and TNT.
3.2 Data Management
Data management involved evaluation o f standard deviation o f the soil 
concentrations prior to treatment, assessment o f preliminary evaluations in order to select
81
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treatments for optimization, and evaluation o f the reaction kinetics and rate constants 
during the optimization phase.
3.2.1 Soil Homogeneity
Although preparation of a homogeneous soil sample is not technically possible, 
soils were mixed according to methods described in section 3.1.1.1. Initial soil samples 
were collected in triplicate prior to initiation o f any testing. Replicate untreated soil 
samples were collected prior to each treatment. Homogeneity was assessed using 
standard deviation calculations in the JMP statistical package.
3.2.2 Preliminary Evaluations
Data interpretation o f the preliminary evaluations involved sorting the data using 
the JMP statistical package. Two criteria were used to select treatments for optimization, 
treatment effectiveness and approximate costs associated with implementation. Several of 
the treatments resulted in explosive concentrations in the aqueous phase less than 0 . 0 2  
mg/1. Two treatments were less than 0.02 mg/1 TNT while more than two treatments were 
less than 0.02 mg/1 for TNB, HMX, and RDX. The two treatments which were less than
0.02 mg/1 TNT were compared to TNB, HMX, and RDX treatments to determine whether 
those runs resulted in less than 0.02 mg/1 concentrations for all o f  the explosives. Cost 
evaluations included the costs o f the oxidizers and/or generation o f oxidizers and time 
required for treatment.
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3.2.3 Optimization
Optimization o f the selected processes involved evaluation o f oxidizer 
concentrations, solids loading, and retention time. The psuedo first order rate coefficients 




C = Concentration of TNT, TNB, HMX, or RDX, mg/1 
t = Time, mins.
k = rate constant for the reaction, units o f reciprocal time, mins ' 1 
The above equation becomes:
In £  = kt
Co
where,
Co = Initial concentration o f TNT, TNB, HMX, or RDX, mg/1 
The rate coefficient is determined from the slope o f the line obtained by plotting In 
(C/Co) versus time. The correlation of fit was determined by assessing r-squared values. 
A correlation o f fit greater than 0.70 was considered acceptable for the contaminant 
degradation data.
Interpretation o f TNB degradation rates was not as simple because the results did 
not follow first order reaction kinetics. Levenspiel (1962) suggests that TNT and TNB 
will compete for oxidizers and ultraviolet illumination. However, because TNT is in very 
large excess it will preferentially absorb radiant energy and oxidizers to decompose and
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form more TNB (TNB is also present initially). The process continues until TNB is 
present in high enough concentration so that it can compete favorably with TNT for 
radiant energy and oxidizers. At this point, a maximum TNB concentration is reached. 
After this the decomposition o f TNB becomes more rapid than its rate o f formation, and 
the concentration o f TNB decreases. First order intermediate kinetics were used to 
describe TNB degradation based on the following equations (Levenspiel 1962):
k, k2
A —> R —> S
which yields for first order reactions:
v = a b (exp (-bx) -  exp (-cx)) 
c-b
where,
a = the initial concentration o f TNT which is involved in formation o f TNB and 
predicted by the above equation
b = k, = the rate of degradation of TNT to TNB
c = k2  = the rate of degradation of TNB to products, S
y = the concentration o f TNB, (R in the above equation)
If k2  » » k „  then the above equation becomes:
y = a ( l  -  exp (-b t))
where,
y = the concentration o f products 
a=  the initial concentration o f TNT
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The rate is determined by k, or the first step of the two-step reaction.
If k, » » k 2, then the above equation becomes:
y = a(l -  exp (-c t))
And the rate is determined by k2  or the second step o f the two-step reaction. It should be 
noted this is one possible approach to modelling TNB oxidation kinetics and that other 
methods may also be appropriate.
TNT oxidation followed by TNB formation is one possible pathway for TNT 
oxidation. However, there are likely many others. The first order intermediate model was 
used to predict the concentration of TNT which led to TNB production. This accounted 
for a fraction o f the TNT disappearance and subsequent TNB appearance.
Figure 3.9 presents a typical concentration -  time curve for consecutive first -  
order reactions. Plots of the results o f TNT and TNB degradation presented in Chapter 4 
will illustrate how the results obtained in this research mimic this concentration -  time 
curve.
TableCurve was used to determine the kinetic model which most accurately 
described the degradation o f TNT, TNB, HMX, and RDX. First order and first order 
intermediate reaction kinetics were used and rate coefficients reported based on the 
TableCurve program. TableCurve utilizes least squares approximations to calculate the 
rate coefficients.
Using the least squares approximations, the sum of squares for error was 
calculated according to the following equation (Levenspiel 1962):
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Figure 3.9. Typical Concentration-Time Curve for Consecutive First-Order Reactions
8 6
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SSE = SST -  SSR
where,
SSE = sum o f squares for error
SST = total sum of squares
SSR = sum o f squares due to regression
The SSE is the proportion o f SST that is not explained by the model.
And,
r  = 1 - SSE 
SST
is the proportion o f SST that is explained by the fitted equation.
where,
r  = multiple correlation coefficient squared
For example, if r  = 0.939, about 94% o f the SST and thus o f the variation, s2, is 
explained by the fitted model. Although high r  values are extremely desirable, the r  value 
should not be the prime tool utilized for model selection (Berthouex and Brown 1994). 
Increasing the r  value can be done by adding more terms to the model, while the goal is to 
seek the simplest adequate model. One method for optimal model selection is to use the 
mean residual sum o f squares o f the model as an estimate o f the pure error variance. The 
regression sum o f squares is a measure of how well the model fits the data. A lower 
regression sum o f squares indicates a better fit. The optimal model was selected based on 
a comparison among models of r ,  s2, and the residual sum o f squares values for each 
explosive.
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The mean square o f errors (MSE) is calculated according to the following:
s2  = SSE = MSE 
(n -p )
and
RMS = s = (MSE ) 1/1
where,
n = the number of observations 
p = the number of parameters in the model 
s2  = variance 
s = standard deviation 
RMS = root mean square
The mean square of regression (MSR) is calculated according to the following:
MSR = SSR 
( P - D
and
f =  MSR 
MSE
High or inflated f  values, i.e., f  = 360, are significant even if the value o f a  is set 
as small as 0.00005. Thus we may confidently reject the null hypothesis and conclude that 
a significant relation exists between x (in our case, time) and y (explosive concentration).
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CHAPTER 4. RESULTS AND DISCUSSION
4.1 Soil Characterization and Particle Size Analysis
The results o f particle size analysis and soil characterization are presented below 
in Tables 4.1 and 4.2, respectively. The soils were classified as clayey sand,
Table 4.1 Results of Particle Size Analysis








0 . 0 1 0 2 . 0 0 1 0 0 . 0 0 . 0
0.7 16 1.18 98.8 1 . 2
1 . 6 2 0 0.85 97.3 2.7
2 . 8 30 0.60 95.3 4.7
4.7 40 0.425 92.1 7.9
7.7 50 0.30 87.0 13.0
1 2 . 1 70 0 . 2 1 2 79.6 20.4
19.3 1 0 0 0.150 67.5 32.5
27.2 140 0.106 54.2 45.8
31.3 2 0 0 0.075 47.3 52.7
Hydrometer
Readings
15.6 0.0499 40.9 59.1
14.1 0.0358 36.9 63.1
13.3 0.0255 34.8 65.2
10.9 0.0135 28.3 71.7
9.6 0.0096 24.9 75.1
8 . 2 0.0069 2 1 . 1 78.9
7.2 0.0049 18.4 81.6
6.3 0.0035 16.3 83.7
4.5 0.0015 10.7 89.3
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Table 4.2 Results of Soil Characterization
Characteristic Result (typical value)
% Sand 52.7
% Fines 47.3
Specific Gravity 2.7 (2 .5 -3 )
Soil pH 6.85 (4.0 -  9.0)
Total Organic Carbon 3960 mg/kg
Cation Exchange Capacity 2 1 . 8  meq / 1 0 0  g
Crystalline Iron 5.8 mass %
(25,000 mg/kg (total))a
Amorphous Iron 451 mg/kg
Manganese Oxides 2 0 0  mg/kg ( 1 0 0 0  mg/kg) *
Aluminum Oxide 4.5 mass %
a Bolt and Bruggenwert 1981
Classification 260. Based on information provided by Brady (1990), and according to 
standards established by the Unites States Department o f Agriculture, the YNWS soils are 
approximately 52.7 — 59.1% sand, 30.2 - 36.6% silt, and 10.7% clay. The specific gravity 
o f the soils was 2.70, or 2.70 times as dense as water. The YNWS soil CEC, pH, and 
specific gravity were within the typical range for soils. However, the crystalline iron was 
5.8 mass %, more than twice that o f typical values reported by Bolt and Bruggenwert 
(1981) for soils.
Mineral identification o f the soils was determined by X-ray diffraction analysis 
and the results are presented in Table 4.3 and Appendix A. Mineralogy o f the samples 
included quartz, Na-feldspar, K-feldspar, and calcite. Quartz was the predominant mineral 
in all of the samples, with a small amount of phyllosilicates. Quartz, a silica mineral, is 
generally considered inert and acts as a diluent to more reactive clay and humic materials 
(Tan 1993).
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Table 4.3 Mineral Identification o f the YNWS Soils
Mineral Chemical Composition
Quartz S i0 2
Na-Feldspar (Albite) NaogCao | AlSi3 Og
K-Feldspar (Microcline) KAlSi3Og
Calcite CaCOj
Kaolinite Al4  S i4 0 ,0 (OH)g
Illite/Mica K2 Al4 (Si6 Al,)O,0 (OH ) 4
Chlorite [(RM C+)6 (Si,Al)8 O 2 0 (OH)4]
[(R2 %R3 *)6 (OH)12]
Hydroxy-Interlayered Smectite Variable Composition
Smectite Variable Composition
The surface area o f silica is very small, approximately 2 - 3 .0  nr/g, and likely 
aided in the desorption o f explosives from the YNWS soils. Tan (1993) states that when 
considerable quartz fractions are present in clay fractions o f soils, the soils are usually 
nonplastic and have a small shrink -  swell capacity. Mineral identification evaluations of 
the YNWS soils indicated the soils expanded very little. Kaolinite, illite or mica, chlorite, 
a hydroxy-interlayered smectite, and/or smectite were present in minor or trace amounts. 
Mineral analysis indicated that the proportion of expandable clays to non-expandable clay 
was very small.
4.2 Desorption of the Explosives
4.2.1. Equilibrium Time Determination
Table 4.4 and Figure 4.1 present the results of equilibrium time determination,
i.e., the time required for the concentration o f explosives to equilibrate between the water 
and soil phase. The results indicate that equilibrium is attained in less than 24 hours.
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Table 4.4 Results o f Equilibrium Time Determination 
_______  During Desorption Evaluations *_________
Phase Time, hr. TNT Cone. TNB Cone. HMX Cone. RDX Cone.
Water ** 24 56.90 0.341 1.35 1.78
30 58.80 0.344 1.46 3.39
48 55.10 0.344 1.61 1.89
72 51.0 0.305 1.81 4.23
Soil *** 24 916 7.15 24.2 23.2
30 465 5.40 24.2 1 1 . 2
48 856 5.24 22.9 1 2 . 8
72 573 6.74 17.7 18.6
* D eterm ined using 10% solids.
** W ater C oncentrations are in mg/1. 
*** Soil C oncentrations are in m g/kg.
Based on the results of equilibrium time determinations, a contact time o f 24 hours was 
selected for desorption during the preliminary evaluations (for those tests involving 
treatment of the filtrate from a soil/water slurry and treatment in the slurry form).
4.2.2 Desorption Kinetics
Desorption kinetics were conducted at a contact time of 24 hours based upon 
results of the equilibrium time determination. The results o f the concentrations of 
explosives in the water phase after each o f the (4) 24 hour cycles are presented in 
Table 4.5 and in Figures 4.2 through 4.5.
Concentrations of TNT in the 20% and 30% soil slurries decreased by 
approximately an order of magnitude after 4 cycles, 93% and 8 8 %, respectively. 
However, the concentration of TNT was decreased by approximately Vz (47%) after 4 
cycles using the 10% solids slurry. This may be due to nonhomogeneity in the soils
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24 30 36 42 48 54 60 66 72
Time (lira)
-■0- TNT water -Q-TNB water —A-- HMX water - • O -  RDX water
— TNTsoilxlO —■—TNBsoi —▲— HMX sofl —• —RDX soil
Figure 4.1 Results of Equilibrium Time Determination
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Table 4.5 Results o f Desorption Kinetics Determinations
Phase % Solids Cycle TNT Cone. TNB Cone. HMX Cone. RDX Cone.
Soil *• NA Influent 979 4.91 25.9 49.1
Water * 10 1 55.60 0.370 1.370 2.310
2 19.90 0.091 0.565 0.430
3 4.320 0.019 J 0.242 0.106
4 0.987 <0.02 0.098 0.032
Soil 4 515 2.25 4.61 5.12
Soil % 4 47% 54% 82% 90%
Soil ** NA Influent 1540 4.89 18.8 26.4
Water 20 1 71.9 0.553 2.09 3.39
2 45.9 0.230 1.29 0.795
3 19.5 0.071 0.599 0.178
4 6.0 0.022 0.261 0.056
Soil 4 104 1.83 3.49 0.600
Soil % 4 93% 63% 81% 98%
Soil ** NA Influent 1540 4.89 18.8 26.4
Water 30 1 78.6 0.651 2.43 4.76
2 58.2 0.336 1.82 1.56
3 38.4 0.141 1.17 0.486
4 22.5 0.066 0.675 0.161
Soil 4 186 2.19 5.88 2.03
Soil % 4 88% 55% 69% 92%
* Water Concentrations are in mg/l. 
** Soil Concentrations are in mg/kg.
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1 2 3 4
Cycle
10% Solids - B - 2 0 %  Solids - ± -  30%  Solids
Figure 4.2 Results of (4) Cycles of Desorption for TNT
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10% Solids -M— 20% Solids A— 30% Solids
Figure 4.3 Results of (4) Cycles of Desorption for TNB
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10% solids 20% solids A — 30%  solids
Figure 4.4 Results of (4) Cycles of Desorption for HMX
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10% solids 20% solids A ■ 30% solids
Figure 4.5 Results of (4) Cyles o f Desorption for RDX
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processed during the 10% solids testing. Final concentrations of TNB, HMX, and RDX 
were also reduced significantly after 4 cycles of treatment (see Table 4.5). Depending on 
site regulatory requirements, concentrations of explosives in the soils may be sufficiently 
reduced in one cycle. Results o f soil explosives concentrations after one cycle are 
presented in the sections that follow. Estimates of distribution coefficient determination 
(Kd) of TNT, TNB, HMX, and RDX based on concentrations of explosives in the soil and 
aqueous phases during equilibrium time, desorption kinetics, preliminary evaluations, and 
optimization evaluations are presented below.
4.2.2.1 Explosives Desorption During Preliminary Evaluations
Table 4.6 and Figure 4.6 present the results o f initial soil concentrations, and 
explosive concentrations in the soil and water phases after desorption of explosives (one 
cycle) from the Yorktown Naval Weapons Station Soils. Average water concentrations of 
TNT after 10%, 20%, and 30% desorption were 8 6  mg/1, 70.4 mg/1, and 80.1 mg/1, 
respectively. Similarly, concentrations of TNB, HMX, and RDX in the water phase 
remained constant or decreased as percent solids in the slurry increased (see Table 4.6). 
The results o f desorption during preliminary evaluations indicate that the solution phase 
becomes saturated with explosives at a 10% concentration. Concentrations o f explosives 
in the water phase are discussed individually below.
4.2.2.1.1 TNT Desorption
Results o f TNT desorption presented in Figure 4.6 indicate 76%, 6 6 %, and 59% 
reduction in soil concentrations can be attained via a 10%, 20%, and 30% soil slurry,
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Table 4.6. Results of Explosives Desorption from 































TNT NA 1430.3 449.4 (31) NA NA NA NA
10 NA NA 86.0 69.0 (80) 336.3 (76) 232.0 (69)
20 NA NA 70.4 17.2 (24) 480.0 (66) 228.9 (48)
30 NA NA 80.1 12.1 (15) 582.3 (59) 146.3 (25)
TNB NA 4.5 1.71 (38) NA NA NA NA
10 NA NA 0.44 0.42 (95) 3.31 (26) 1.69 (51)
20 NA NA 0.56 0.49 (88) 2.86 (36) 1.43 (50)
30 NA NA 0.47 0.14(30) 8.13 (-81) 1.12(14)
HMX NA 35.4 6.17(17) NA NA NA NA
10 NA NA 2.87 2.31 (80) 19.43 (45) 5.18(27)
20 NA NA 2.85 0.51 (18) 32.90 (7) 5.94(18)
30 NA NA 2.91 0.63 (22) 24.75 (30) 1.85 (7)
RDX NA 36.8 14.10(38) NA NA NA NA
10 NA NA 3.56 2.61 (73) 8.54 (77) 4.09 (48)
20 NA NA 4.28 0.96 (22) 8.84 (76) 4.34 (49)
30 NA NA 5.72 1.22 (21) 20.78 (44) 1.75 (8)
100











20% 30%1 0 %
%  Solids
—■— TNT soil x 10 Initial = 1430.3 mgflcg 
—• — TNB soil Initial = 4.5 m^kg 
—A—  HMX soil Initial = 35.4 mg/kg 
— ♦ —  RDX soil Initial = 36.8 mg/kg
-  -G- -  TNT water x 10
-  -Q- -  TNB water
-  -  HMX water
-  - P  -  RDX water____________________
Figure 4.6. Results o f Explosives Desorption at 
Varying Solids Loadings During Preliminary Evaluations
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respectively. However, mean TNT concentrations in the water phase remained relatively 
constant, ranging from 70.4 mg/1 (20% solids), 80.1 mg/1 (30% solids), to 8 6  mg/1 (10% 
solids). It is possible the solubility limit for TNT was met at 10% solids although TNT 
concentrations are below the solubility limit o f 130 mg/1 TNT. However, it should be 
noted that Ro, et. al (1996) assessed the solubility o f TNT (see Table 1.4) and found that 
values reported in the literature were generally overestimated by approximately 33%. 
They report the solubility of TNT at 21°C is approximately 82.5 mg/1.
The presence of multiple contaminants, i.e., TNB, HMX, and RDX can lower the 
solubility limit due to mutual solubility effects. The concentration o f TNT in the aqueous 
phase after slurrying with 20% and 30% solids compared to slurrying with 10% solids, 
may be lower due to higher solubilization of TNB, HMX, and RDX.
Mean concentrations o f TNT in the soils after slurrying at 10%, 20%, and 30% 
solids were 336.3, 480.0, and 582.3 mg/kg, respectively, representing 76%, 6 6 %, and 
59% reductions in TNT concentrations in the soils after one cycle. Compared to 4 cycles 
o f desorption, the first cycle is the most aggressive in terms of reduction of TNT 
concentration (see Table 4.5). This is likely due to a much larger driving force when soil 
concentrations are high; as soil concentrations decrease, the percent removal decreases 
with each cycle. Based on preliminary evaluations, mean concentrations of TNT were 
reduced below the 370 mg / kg treatment criteria after one desorption cycle using 10% 
solids.
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4.2.2.1.2 TNB Desorption
Concentrations o f TNB in Yorktown Naval Weapons Station soils decreased 26% 
and 36% when slurried at 10% and 20% soil concentrations, respectively. The initial 
concentration o f TNB in the soils was 4.5 mg/kg prior to slurrying. Final concentrations 
o f TNB in the soils after 10%, 20%, and 30% slurries were 3.31 mg/kg, 2.86 mg/kg, and 
8.13 mg/kg, respectively. The mean TNB concentrations in the soils increased 81% in 
comparison to mean initial TNB concentrations when slurried using 30% solids. In 
addition, the standard deviation was relatively low at 1.12, which is a 14% relative 
standard deviation and likely a statistically sound number. The cause of increasing TNB 
concentrations between the initial concentration (4.5 mg/kg TNB) and the remaining 
concentration after 30% solids slurrying (8.13 mg/kg) is not known. One possibility 
includes abiotic or biotic conversion of TNT to TNB during the slurry phase. However, 
the same phenomena was not noticed in the 1 0 % and 2 0 % slurries.
In comparison to relative standard deviation o f the 10% and 20% solid systems for 
TNB, the 30% solids system had the lowest relative standard deviation. However it 
should be noted that concentrations of TNB decreased in the 30% solids system by 87% 
after four cycles o f slurrying (see Table 4.5).
Concentrations o f TNB in the aqueous phase were 0.44 mg/1, 0.56 mg/1, and 
0.47 mg/l after slurrying with 10%, 20%, and 30% solids, respectively. Concentrations of 
TNB in the soils were less than 37 mg / kg prior to treatment.
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4.2.2.1.3 HMX Desorption
Concentrations of HMX decreased from 35.4 mg/kg to 19.4 mg/kg, 32.9 mg/kg, 
and 24.8 mg/kg for 10%, 20%, and 30% solids, respectively. Concentrations of HMX in 
the aqueous phase were 2.87 mg/1, 2.85 mg/1, and 2.91 mg/1 after slurrying with 10%, 
20%, and 30% solids, respectively.
Concentrations of HMX were reduced 45%, 7%, and 30% in the 10%, 20%, and 
30% soil slurries, respectively. The 7% reduction in HMX in the 20% solids slurry is 
interesting because the other explosives do not appear to exhibit solubilization at rates 
which would inhibit HMX solubilization at a 20% solids concentration. Dissolution of 
other explosives or organics may have inhibited HMX dissolution at the 20% solids 
concentration but as solids increased to 30%, dissolution was reduced and HMX 
dissolution was increased. However, the inhibition of HMX dissolution by other organics 
at the 20% solids loading can only be speculated. Concentrations o f HMX in the soils 
were less than 37,000 mg/kg prior to treatment.
4.2.2.1.4 RDX Desorption
Concentrations of RDX were 8.54 mg/kg, 8.84 mg/kg, and 20.78 mg/kg after 
mixing at 10%, 20%, and 30% solids, respectively. The mean initial RDX concentration 
was 36.8 mg/kg. Concentrations of RDX in the aqueous phase were 3.56 mg/1,4.28 mg/1, 
and 5.72 mg/1 after slurrying with 10%, 20%, and 30% solids, respectively. 
Concentrations of RDX were reduced 77%, 76%, and 44% using 10%, 20%, and 30% 
solids, respectively. Reductions in RDX concentrations did not vary significantly when 
using 1 0 % and 2 0 % solids.
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4.2.2.2 Estimates of Distribution Coefficients
Estimates of Kd are presented in Table 4.7 below. They were estimated based on 
results of equilibrium time, desorption kinetics, preliminary evaluations, and optimization 
evaluations. Estimates were based on 1 cycle o f desorption for the equilibrium time, 
preliminary evaluations, and optimization evaluations and were based on the fourth cycle 
for the desorption kinetics evaluations. With the exception of four o f the distribution 
coefficients determined for TNT during the fourth cycle of desorption kinetics, the 
distribution coefficients were in range, or no more than 50% greater than, those reported 
by Pennington and Patrick (1990) (2.3 to 11.0) and Shaw and Cullinane (1998) (2 to 56) 
for TNT. Shaw and Cullinane (1998) report Kd values for RDX ranging from 1 to 3. The 
estimated Kj values during the equilibrium time determination and desorption kinetics 
were approximately an order of magnitude higher for RDX. However, during the 
optimization phase, Kj values estimated in this study approximated those reported by 
Shaw and Cullinane (1998).
4.3 Preliminary Evaluations
The results of preliminary evaluations are presented in Figures 4.7 through 4.14 
and Table 4.8 below. The results were analyzed using the JMP statistical package and 
SORT function. The SORT function was used to order the results after treatment from 
lowest to highest concentration for each explosive. Optimal treatments were compared 
among the explosives. The treatments for optimization were selected based upon the 
results of TNT, TNB, HMX, and RDX concentrations in the water and/or soil phase after 
treatment and process economics. In some evaluations, the explosives were desorbed and
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Table 4.7. Results o f Distribution Coefficient







TNB Kj HMX Kj RDX Kj
Equilibrium Time 10 16.1 21.0 17.9 13.0
Desorption Kinetics 10 4 521 NA 14.0 160
20 4 17.3 83.2 13.4 10.7
30 4 8.3 33.2 8.7 12.6
Preliminary Evaluations* 10 3.9 7.5 6.8 2.4
20 6.8 5.1 11.5 2.1
30 7.3 17.3 8.5 3.6
Optimization
Evaluations
LPUV1% 10 6.7 1.3 8.6 3.0
20 6.5 12.6 7.3 2.7
30 6.8 14.3 7.5 2.5
LPUV2% 10 4.4 8.8 11.0 3.5
20 5.3 12.9 7.7 3.7
30 7.2 NA 8.6 3.7
PERI 001% 10 6.3 11.7 10.5 3.2
20 6.5 13.3 6.7 2.8
30 7.4 14.7 8.1 3.1
PER 1002% 10 7.2 13.5 10.7 3.1
20 4.9 10.0 11.8 3.0
30 8.7 17.9 9.9 4.1
PER2501% 10 5.8 11.9 8.7 2.8
20 7.0 13.0 7.7 3.0
30 7.6 14.6 6.9 3.2
PER2502% 10 8.2 10.4 12.1 2.9
20 7.2 14.3 6.6 2.8







6.1 -  12.1 2 .5 -4 .1
* Based on mean.




M e a n  S o il C o n e , a f t e r  S lu r ry  =  3 3 6 .3  m g /k g
1.2





L PU V  F i l t r a te  P ie z o  F iltra te  F e n to n  F iltra te
M P U V  F il tra te  M a g n e to  F iltra te  P e r o x o n e  F il tra te
Treatment
■  N o  O x id iz e r  0 2 %  o z o n e  □  1 0 0  p p m  ■  2 %  o z o n e  1 0 0  p p m
• x  1 0 0  
* •  x  1 0
T h e  F e n to n  R l t r a t e  r u n  w a s  r e e v a lu a te d  ( s e e  ru n  6 4  in T a b le  4 .8 )  
a n d  t h e  T N T  r e s u l t s  w e r e  < 0 . 0 2  m g/1.
Figure 4.7. TNT Results of Filtered Slurry Treatment
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mg/l 
6
M ain Soil Cone, a lta r Slurry -  3.31 mg/kg 




/ , .JL \
LPUV Filtrate Piezo Filtrata Fenton Filtrate
MPUV Filtrate Magneto Filtrate Peroxone Filtrate
Treatment
■  No Oxidizer 0  2% ozone Q  100 ppm ■  2% ozone 100 ppm
The Fenton Filtrate run w as reevaluated (see run 64 in Table 4.8) 
end the TNB results were 0 .2 3 4  mg/1.
Figure 4.8. TNB Results of Filtered Slurry Treatment
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Mean Soil Cone, after Slurry -  19.43 mg/kg 
Mean W ater Cone, before Treatment «  2 .87  mg/l
Piezo Filtrate Magneto Filtrate Fenton Filtrate
Treatment
■  No Oxidizer 0  2% ozone □  100 ppm H  2% ozone 100 ppm
The Fenton Filtrate run was reevaluated (see run 64 in Table 4.81 
and the  HMX results were < 0 .02  mg/l.
All LPUV, MPUV, and Peroxone Filtrates were < 0 .0 2  mg/l.
Figure 4.9. HMX Results of Filtered Slurry Treatment
109
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
mg/l
4
M e a n  S o il C o n e ,  a f t e r  S lu rry  =  8 . 5 4  m g /k g  
M e a n  W a te r  C o n e ,  b e f o re  T r e a tm e n t  =  3 . 5 6  m g/1
P ie z o  F il tra te  M a g n e to  F il tra te  F e n to n  F il tra te
Treatment
■  N o  O x id iz e r  Q  2 %  o z o n e  □  1 0 0  p p m  ■  2 %  o z o n e  1 0 0  p p m
T h e  F e n to n  F i l t r a te  r u n  w a s  r e e v a lu a te d  ( s e e  ru n  6 4  in  T a b le  4 .8 )  
a n d  t h e  RD X  r e s u l t s  w e r e  < 0 . 0 2  m g /l .
T h e  LPU V , M P U V , a n d  P e r o x o n e  F il t ra te s  w e r e  < 0 . 0 2  m g /l  w i th  (2) e x c e p t io n s ;  
LPUV a lo n e  ( 0 .0 4 1  m g /l)  a n d  M P U V /1 0 0  p p m  h y d r o g e n  p e ro x id e  ( 0 .3 6 1  m g /l) .
Figure 4.10. RDX Results o f Filtered Slurry Treatment
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ppm
1 , 6 0 0
1 , 4 0 0








LPU V  R a w  S o il * * P ie z o  S lu rry  S o il M a g n e to .  S lu rry  S o il
M PU V  R a w  S o il # * P ie z o  S lu rry  W a te r  M a g n e t .  S lu rry  W a te r
Treatment
■  N o  O x id iz e r  5 3  2 %  o z o n e  ■  1 0 0  p p m  □  2 %  o z o n e  1 0 0  p p m
• * No w ater sam ples were collected. The MPUV / 100 ppm hydrogen peroxide 
te s t  w as rerun (see run 50 in Table 4.8) and TNT results in the soil were 
1160 mg/kg.
Figure 4.11. TNT Results o f Water and Soil after Raw Soil and Sluny Treatment
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In itia l Soil C o n e . =  4 . 5  m g /k g
LPU V  R a w  S oil •  * P ie z o  S lu rry  Soil M a g n e to . S lu rry  Soil
M P U V  R a w  Soil * * P ie z o  S lu rry  W a te r  M a g n e t .  S lu rry  W a te r
Treatment
I N o  O x id iz e r  S3 2 %  o z o n e  ■  1 0 0  p p m  □  2 %  o z o n e  1 0 0  p p m
* * N o w a te r  s a m p le s  w e r e  c o l le c te d .  T h e  M PU V  /  1 0 0  p p m  h y d r o g e n  p e ro x id e  
t e s t  w a s  r e ru n  ( s e e  ru n  5 0  in T a b le  4 .8 )  a n d  TN B  re s u l ts  in t h e  so il  w e re  
1 9 .2  m g /k g .
Figure 4.12. TNB Results of Water and Soil after Raw Soil and Slurry Treatment
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Initial Soil C o n e .  =  3 5 . 4  m g /k g
* * ,h _h .
L PU V  R a w  S o il * * P ie z o  S lu rry  S o il M a g n e to . S lu rry  Soil
M P U V  R a w  S oil •  * P ie z o  S lu rry  W a te r  M a g n e t .  S lu rry  W a te r
Treatment
■  N o  O x id iz e r  □  2 %  o z o n e  ■  1 0 0  p p m  □  2 %  o z o n e  1 0 0  p p m
** N o  w a t e r  s a m p le s  w e r e  c o l le c te d . T h e  M PU V  /  1 0 0  h y d ro g e n  p e ro x id e  
t e s t  w a s  r e ru n  ( s e e  ru n  5 0  in T a b le  4 .8 )  a n d  H M X r e s u l t s  in  t h e  so il w e re  
3 . 2 6  m g /k g .
Figure 4.13. HMX Results of Water and Soil after Raw Soil and Slurry Treatment
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ppm
4 0  | —
Initial Soil C o n e .  =  3 6 .8  m g /k g
LPU V  R a w  Soil * * P ie z o  S lu rry  S o il M a g n e to . S lu rry  S o il
M PU V  R a w  S o il •  •  P ie z o  S lu rry  W a te r  M a g n e t .  S lu r r y  W a te r
Treatment
■  N o  O x id iz e r  [ 3  2 %  o z o n e  ■  1 0 0  p p m  Q  2 %  o z o n e  1 0 0  p p m
* * N o  w a t e r  s a m p le s  w e r e  c o l l e c te d .  T h e  M PU V  /  1 0 0  p pm  h y d ro g e n  p e ro x id e  
t e s t  w a s  r e ru n  ( s e e  ru n  SO in  T a b le  4 .8 )  a n d  RDX r e s u l t s  in t h e  so il w e r e  
8 . 6 8  m g /k g .
Figure 4.14. RDX Results o f Water and Soil after Raw Soil and Slurry Treatment
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1 10% LPUV 10.97 471 2.725 1.17 <0.02 4.04 0.041 3.78
2 LPUV raw 
soil
NA 752 NA 1.45 NA 20.36 NA 32.90
3 10% LPUV 
100 ppm
H-,0,
14.19 181 2.37 2.27 <0.02 2.98 <0.02 14.9
4 LPUV raw 
soil 100 
ppm H ,0 ,
NA 367 NA 6.91 NA 27.50 NA 22.91
5 10% LPUV 
2% ozone
<0.02 206 <0.02 1.73 <0.02 3.17 <0.02 12.4
6 LPUV raw 
soil 2% 
ozone
NA 1090 NA 36.1 NA 63.4 NA 35.2
7 10% LPUV 
100 ppm
H20 2 2% 
ozone
0.113 200 <0.02 2.26 <0.02 3.33 <0.02 9.33
8 LPUV raw 
soil 100 
ppm H20 2 
2% ozone
NA 1110 NA 5.62 NA 15.4 NA 12.0
9 10%
MPUV
0.229 345 0.457 1.02 <0.02 2.72 <0.02 8.67
10 MPUV raw 
soil




0.162 157 2.085 1.71 <0.02 2.54 0.361 9.94
12 MPUV raw 
soil 100 
ppm H ,0 ,









NA 559 NA 27.4 NA 6.31 NA 8.79
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15 10% MPUV 
100 ppm 
H20 2 2% 
ozone
0.113 295 <0.02 3.87 <0.02 5.15 <0.02 18.7
16 MPUV raw 
soil 100 ppm 
H20 2 2% 
ozone
NA 1370 NA 5.27 NA 15.3 NA 13.7
17 10% filtered 
magneto
61.4 261 0.365 2.22 1.76 4.44 2.37 18.10
18 10% slurry 
magneto
82.44 397 0.367 2.31 2.04 6.04 2.72 19.50




61.67 502 0.327 3.49 1.6 5.93 2.34 18.90




82.74 408 0.43 2.94 2.14 6.73 2.73 18.40
21 10% filtered 
magneto 
2% ozone
31.27 352 3.215 2.49 1.373 4.44 2.54 16.80
22 10% slurry 
magneto 
2% ozone
74.01 711 2.305 6.40 2.0 9.51 5.385 21.60
23 10% filtered 
magneto 100 
ppm H20 2 
2% ozone
28.93 270 4.87 2.83 1.495 4.26 3.415 16.40
24 10% slurry 
magneto 100 
ppm H ,0 2 
2% ozone
72.58 553 3.165 5.08 2.0 6.94 4.575 19.70
25 10% filtered 
piezoelectric
51.58 229 0.531 2.54 2.51 3.51 2.465 18.7
26 10% slurry 
piezoelectric
77.83 263 0.40 2.98 2.60 4.40 2.72 12.1




60.39 137 0.321 1.51 2.08 2.24 2.37 14.0
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88.83 265 0.409 3.45 3.04 4.14 2.75 8.58
29 10% filtered 
piezoelectric 
2% ozone
<0.02 71.9 0.822 1.15 0.049 1.30 0.024 9.19
30 10% slurry 
piezoelectric 
2% ozone
77.45 407 4.645 24.6 2.58 6.72 6.13 11.5





<0.02 133 0.319 1.79 0.061 1.79 0.405 8.04





77.20 356 5.21 23.3 2.635 4.16 5.335 8.95
33 Filtered
Fenton
59.71 280 0.357 2.63 2.25 4.46 2.365 20.05
34 Slurry Fenton 46.58 263 0.414 4.44 2.83 17.37 2.75 39.44
35 Filtered
Peroxone
<0.02 256 0.274 1.88 <0.02 3.93 <0.02 20.90
36 Slurry
Peroxone
39.5 698 2.34 5.73 2.04 21.70 3.85 21.80
37 10% LPUV 
2% ozone
0.068 44.2 0.447 1.20 <0.02 1.33 <0.02 6.11
38 10% LPUV 
2% ozone
26.68 203 1.74 1.74 0.89 3.27 1.55 16.7
39 20% LPUV 
2% ozone
0.064 300 <0.02 1.27 <0.02 2.71 0.57 9.53
40 20% LPUV 
2% ozone
17.17 308 3.945 2.04 1/82 5.49 1.80 23.6
41 20% LPUV 
2% ozone 45 
min.
0.344 659 1.725 1.83 <0.02 4.58 0.37 20.1
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42 20% LPUV 
2% ozone 15 
min.
25.8 303 3.43 2.05 1.92 6.32 2.34 18.2




min. UV, 3 
times
1.355 214 2.895 1.08 2.50 3.48 <0.02 21.8
44 20% LPUV 
100 ppm 
H20 2, 30 
min.
40.24 691 3.865 2.41 1.21 4.86 2.18 22.5
45 MPUV, Raw 
Soil
100 ppm 
H20 2, 30 
min.
121 1160 2.37 6.86 2.58 56.2 6.45 33.2
46 CONTROL,
20%





79.65 365 0.592 1.68 3.23 2.64 4.81 16.60
49 CONTROL,
20%
78.0 421 0.37 3.65 2.43 6.72 3.42 20.2




54.37 672 2.59 19.2 1.47 3.26 2.13 8.68
51 10% LPUV 
2% ozone, 15 
min.
23.29 296 3.01 3.94 0.459 5.76 2.46 18.4
52 10% LPUV 
2% ozone, 30 
min.
3.315 277 2.12 3.50 0.428 5.83 0.50 20.1
53 10% LPUV 
2% ozone, 45 
min.
0.269 869 0.805 4.87 <0.02 7.36 0.33 15.1
54 30% LPUV 
2% ozone, 15 
min.
36.74 734 6.045 8.12 1.79 14.7 4.09 23.2
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55 30% LPUV 
2% ozone, 30 
min.
3.36 374 3.02 5.84 0.16 12.4 0.38 21.0
56 30% LPUV 
2% ozone, 45 
min.
0.41 586 1.04 7.47 <0.02 14.3 0.82 21.2
57 30% LPUV 
2% ozone, 60 
min.




1% ozone, 60 
min.






2% ozone, 15 
min.






2% ozone, 30 
min.






2% ozone, 45 
min.




ppm H20 2 
1 % ozone




ppm H20 2 
1.5% ozone
0.35 266 <0.02 1.72 <0.02 3.69 <0.02 10.8
64 Filtered
Fenton
<0.02 391 0.234 6.93 <0.02 12.3 <0.02 6.38
65 Slurrv Fenton 37.0 125 0.536 1.96 1.42 12.0 1.18 3.44
* Nos. in “( )” correspond to run numbers in Table 3.1.
** Run 37 consisted o f  treatment with ozone for 10 minutes 
*** Run 38 consisted o f  treatment with ozone and LPLTV for 
LPUV alone.
followed by 30 minutes o f LPUV. 
15 mins. followed by 15 mins. o f
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only the water phase treated. Even-numbered evaluations 2 through 16 and 45 and 50 
involved treating dry soil (only naturally inherent water was present). All other 
evaluations were slurried and odd runs 17 through 35 and all runs 37 through 63 (with the 
exceptions of 45 and 50) were filtered as is indicated below under “Type”. Two 
treatments reduced TNT, TNB, HMX, and RDX below the analytical detection limit and 
will be discussed in section 4.4.
Treatments involving ultraviolet illumination of raw soil, i.e., no slurrying, did not 
result in significant reduction of all of the explosives (TNT, TNB, HMX, and RDX) for 
any one treatment. Preliminary assessment of MPUV in combination with 100 ppm 
hydrogen peroxide indicated that TNT could be treated to 122 mg / kg (see run 12). 
However, the treatment was not repeatable (see run 50).
4.3.1 Photolysis and Photolysis /  Chemical Oxidation (Illuminated AOPs)
4.3.1.1 Photolysis of Filtrate
The illuminated AOPs involving slurrying the soils and treating the filtrate were 
very effective during preliminary evaluations. During this phase of the preliminary 
evaluations of filtrate treatment, all soils were processed using the same procedures. The 
mean soil concentrations after slurrying for 24 hours were calculated as 336.3 mg/kg, 3.31 
mg/kg, 19.43 mg/kg, and 8.54 mg/kg for TNT, TNB, HMX, and RDX. The LPUV / 
ozone and MPUV / ozone systems were the only systems which resulted in reduction of 
all o f the explosives to below the analytical detection limit (<0 . 0 2  mg/l) in the aqueous 
phase (slurry followed by treatment o f the filtrate) (see Figures 4.7 through 4.10). The 
LPUV / ozone system was selected for optimization evaluations and will be discussed
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further below. Photolysis alone did not completely degrade the explosives (see runs 1 and 
9 in Table 4.8 and Figures 4.7 and 4.8) in the aqueous phase. Ozone addition was 
required for complete degradation of the explosives to below the analytical detection limit.
4.3.1.2 Photolysis of Raw Soils
Based on preliminary evaluations, photolysis and photolysis / chemical oxidation of 
the raw soils was effective at removal o f TNT, HMX, and RDX (see Figures 4.7, 4.9, and 
4.10 respectively) using LPUV /100 ppm hydrogen peroxide (run 4), MPUV / 100 ppm 
hydrogen peroxide (run 12), and MPUV / 2%  ozone (run 14). The MPUV / 100 ppm 
hydrogen peroxide treatment (run 12) was also effective at removal of TNB at 73% 
reduction (see Figure 4.12). The LPUV /100 ppm hydrogen peroxide (run 4) and MPUV 
/ 2% ozone (run 14) systems showed significant increases in TNB concentration, 54% and 
510%, respectively, and were not evaluated further.
The MPUV / 100 ppm hydrogen peroxide treatment (run 12) was reevaluated to 
confirm the results obtained in run 12. Runs 45 (30 minutes o f treatment) and 50 (one 
hour o f treatment) in Table 4.8 and Figure 4.12 present the results. In runs 45 and 50, the 
concentrations o f explosives in the aqueous phase (due to water addition by the hydrogen 
peroxide spray) were also evaluated. The concentration o f TNT was reduced 
approximately 19% (based on mean concentrations presented in Table 4.6) and 53% in 
30 minutes and one hour, respectively. However, the concentration of TNB was increased 
52% and 327% in 30 minutes and one hour, respectively. When the MPUV / 100 ppm 
hydrogen peroxide system (run 1 2 ) was reevaluated, the concentrations were not as 
effectively reduced for any of the explosives with the exception of HMX in the one hour
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evaluation (run 50). In addition, runs 45 and 50 indicated that as TNT was oxidized, TNB 
was formed (first order intermediate k, rate coefficient, discussed in more detail in the 
optimization evaluation sections to follow) and was not subsequently converted to 
products (first order intermediate k2  rate coefficient).
4.3.2 Chemical Oxidation (Dark AOPs)
4.3.2.1 Fenton's Reagent and Peroxone
Fenton’s reagent evaluations using a slurry and filtrate from a slurry are presented 
in runs 33, 34, 64, and 65 in Table 4.8 and in Figures 4.7 through 4.10. In runs 33 and 34, 
limited degradation o f the explosives was indicated. The ratios of hydrogen peroxide and 
iron sulfate were adjusted and reevaluated in runs 64 and 65. Although significant 
degradation of TNT occurred in runs 64 and 65, TNB remained at elevated 
concentrations. In addition, previous research indicates that Fenton’s reagent is not highly 
effective at oxidation o f TNB. More aggressive AOPs are generally required.
Preliminary evaluations o f peroxone are presented in runs 35 (filtrate from the 
slurry) and 36 (treatment o f the slurry) and Figures 4.7 through 4.10. Filtrate treatment 
(run 35) reduced TNT, HMX, and RDX to the analytical detection limit, <0.02 mg/l and 
the concentration o f TNB was 0.274 mg/l. Peroxone treatment of the filtrate from the 
soil / water slurry was selected for further evaluation during the optimization phase 
because it has the potential to be cheaper than the other technologies evaluated, i.e., 
illuminated AOPs and sonolysis. In addition, the destruction o f TNB to the analytical 
detection limit (<0 . 0 2  mg/l) may be attained via adjustment o f oxidizer concentrations 
during the optimization phase.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4J.2.2 Sonolysis Evaluations
Piezoelectric and magnetostrictive ultrasonic evaluation results are presented in 
runs 17 through 32 and Figures 4.7 through 4.10. None o f the magnetostrictive systems 
appeared relatively effective at degradation of the explosives. However, the 
magnetostrictive ultrasonic / ozone systems involving filtrate treatment were more 
effective than the other magnetostrictive ultrasonic treatment systems. The most effective 
sonolysis systems involved filtrate treatment using piezoelectric ultrasonics and ozone (run 
29) (see Figures 4.7 through 4.10) and piezoelectric ultrasonics, ozone, and hydrogen 
peroxide (run 30). Concentrations of TNT were reduced to <0.020 mg/l in both runs but 
concentrations of TNB remained relatively high when compared to the mean initial 
aqueous phase TNB concentrations presented in Table 4.6. In addition, the piezoelectric 
ultrasonic / ozone system would be relatively expensive to operate since both systems are 
energy intensive systems.
4.4 Summary of Preliminary Evaluations
The following treatments in Table 4.9 resulted in less than the detection limit 
(0.02 mg/l) concentrations o f TNT, TNB, HMX, and RDX in filtrate from the soil / water 
slurries. The preliminary results indicate that the optimal treatments involved slurrying 
followed by filtrate treatment. Each of the four treatments (resulting in all explosive 
concentrations <0.02 mg/l) also involved ozone addition in combination with LPUV, 
MPUV, or piezoelectric ultrasonics. Since LPUV, MPUV, and piezoelectric ultrasonics 
may be relatively expensive to operate, peroxone (ozone and hydrogen peroxide) was 
evaluated for optimization. Peroxone (run 35) results o f TNT, TNB, HMX, and RDX
123
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were <0.02 mg/l TNT, 0.274 mg/l, <0.02 mg/l, and <0.02 mg/l, respectively. Although 
TNB concentrations were not below the detection limit o f 0.02 mg/l, peroxone was 
selected because addition of hydrogen peroxide ($0.75 - $1.50 per lb, Froelich 1992) 
opposed to ultraviolet light ($0.06 per kilowatt-hour, Froelich 1992) is relatively 
inexpensive. The optimal treatments presented in Table 4.9 each involved addition o f 
ozone. The LPUV/ozone system was selected for further evaluation since energy 
consumption is lower than MPUV per hour o f treatment (Froelich 1992).
Table 4.9 Treatments with Results 
Less than the Detection Limit (0.02 mg/l) •
Run No. UV Ozone, (%) H 202,
mg/l
Ultrasonics
5 LPUV 2 NA NA
13 MPUV 2 NA NA
•  Both treatments were s urried and the water phase treated.
4.5 Optimization Evaluations
The results o f optimization evaluations are presented in Figures 4.15 through 4.34 
and in Table 4.10. The effects of oxidizer and solids concentrations in the LPUV and 
peroxone processes will be discussed individually for TNT, TNB, HMX, and RDX below. 
The collective effects of oxidizer and solids concentrations on all of the explosives, i.e., 
TNT, TNB, HMX, and RDX, will be discussed at the end of the oxidizer and solids 
concentration discussions, respectively. Cumulative analysis of the effects o f percent
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10 20 500 4030 60
Time (mins.)
—♦— 10% LPUV 2% - * - 2 0 %  LPUV 2% —A— 30% LPUV 2% 
—o -  10% LPUV 1% - 2 0 %  LPUV 1% A 30% LPUV 1%
Figure 4.15. TNT Results o f LPUV Evaluations in Combination with 1% and 2% Ozone
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100 20 30 40 6050
Time
—♦ — 10% LPUV 2% —rn— 20% LPUV 2% —A— 30% LPUV 2% 
10% LPUV 1% 20% LPUV 1% —A“ 30% LPUV 1%
Figure 4.16. TNB Results of LPUV Evaluations in Combination with 1% and 2% Ozone
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50 6030 40100 20
Time (mins.)
—♦— 10% LPUV 2% —• — 20% LPUV 2% —A— 30% LPUV 2%
—O - 10% LPUV 1% - - -Q - - 20% LPUV 1% —A-- 30% LPUV 1%
Figure 4.17. HMX Results o f LPUV Evaluations in Combination with 1%
and 2%  Ozone
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5020 30 40 60100
Time (mins.)
—♦— 10% LPUV 2% —* —20% LPUV 2% —A— 30% LPUV 2% 
- -0-  10% LPUV 1% 20% LPUV 1% A- 30% LPUV 1%
Figure 4.18. RDX Results of LPUV Evaluations in Combination with 1% and 2% Ozone
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40 50 602010 300
Time (mins.)
— 10% 100ppm 2% —■— 20% 100ppm 2% A 30% 100ppm 2% 
o  - 10% 100ppm 1% 20% 100ppm 1% - A - 30% 100ppm 1%
Figure 4.19. TNT Results of Peroxone Evaluations Using 1% and 2% Ozone with
1 00 ppm Hydrogen Peroxide
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— ♦ — 10% 100ppm 2% — ■ — 20% 100ppm 2% A — 30% 100ppm 2%  
- o  - 10% 100ppm 1% - • -D • - 20% 100ppm 1% ---A - 30% 100ppm 1%
Figure 4.20. TNB Results o f Peroxone Evaluations Using 1% and 2%  Ozone with
100 ppm Hydrogen Peroxide
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• - - - < >
500 10 20 40 6030
Time (mins.)
— ♦ — 10% 100ppm 2% — ■— 20% 100ppm 2% — * — 30% 100ppm 2% 
--■O'- 10% 100ppm 1% - - - - - -  20% 100ppm 1% - A -  30% 100ppm 1%
Figure 4.21. HMX Results o f Peroxone Evaluations Using 1% and 2%  Ozone with
100 ppm Hydrogen Peroxide
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10% 100ppm 2% 
10% 100ppm 1%
-20% 100ppm 2% 
20% lOOppm 1%
30% 100ppm 2% 
30% 100ppm 1%
Figure 4.22. RDX Results of Peroxone Evaluations Using 1 % and 2% Ozone with 
100 ppm Hydrogen Peroxide 
132




10% 250ppm 2% 20% 250ppm 2%
10% 250ppm 1% -* t-20%  250ppm 1%
30% 250ppm 2% 
30% 250ppm 1%
Figure 4.23. TNT Results of Peroxone Evaluations Using 1% and 2% Ozone with
250 ppm Hydrogen Peroxide
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0 10 20 30 40 50 60
Time (mins.)
—♦ —10% 250ppm 2% -*-20%  250ppm 2% -A — 30% 250ppm 2% 
- X - 1 0 %  250ppm 1% -X-20% 250ppm 1% -* -3 0 %  250ppm 1%
Figure 4.24. TNB Results o f Peroxone Evaluations 
Using 1% and 2% Ozone with 250 ppm Hydrogen Peroxide 
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10% 250ppm 2% 20% 250ppm 2% - A -  30% 250ppm 2%
- K - 10% 250ppm 1% -3(f—20% 250ppm 1% -# -30%  250ppm 1%
Figure 4.25. HMX Results of Peroxone Evaluations Using 
1% and 2%  Ozone with 250 ppm Hydrogen Peroxide 
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0 10 20 30 40 50 60
Tim e (mins.)
10% 250ppm 2% -m - 20% 250ppm 2% -A - 30% 250ppm 2%
- X - 10% 250ppm 1% - 3 K—20% 250ppm 1% -#-30%  250ppm 1%
Figure 4.26. RDX Results of Peroxone Evaluations Using 1% and 2% Ozone with
250 ppm Hydrogen Peroxide
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0 10 20 30 40 50 60
Time (mins.)
-♦ -1 0 %  100ppm 1% 20% 100ppm 1% -A—30% 100ppm 1%
- ^ 1 0 %  250ppm 1% - * —20% 250ppm 1% -# -3 0 %  250ppm 1%
Figure 4.27. TNT Results of Peroxone Evaluations 
Using 100 ppm and 250 ppm Hydrogen Peroxide with 1% Ozone
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10 20 30 40 50 60
Time (mins.)
10% 100ppm 1% -*-20%  100ppm 1% -A -  30% 100ppm 1% 
10% 250ppm 1% -*-20%  250ppm 1% -* -3 0 %  250ppm 1%
Figure 4.28. TNB Results of Peroxone Evaluations 
Using 100 ppm and 250 ppm Hydrogen Peroxide with 1% Ozone
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10% 100ppm 1% -* -2 0 %  100ppm 1% -A—30% 100ppm 1% 
-K -10%  250ppm 1% 20% 250ppm 1% -* -30%  250ppm 1%
Figure 4.29. HMX Results of Peroxone Evaluations 
Using 100 ppm and 250 ppm Hydrogen Peroxide with 1% Ozone 
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0 10 20 30 40 50 60
Time (mins.)
-+ -10%  100ppm 1% -* -20%  100ppm 1% 30% 100ppm 1%
-X-10%  250ppm 1% -*-20%  250ppm 1% -+ -3 0 %  250ppm 1%
Figure 4.30. RDX Results of Peroxone Evaluations 
Using 100 ppm and 250 ppm Hydrogen Peroxide with 1% Ozone 
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6030 40 5010 200
Time (mins.)
-# -1 0 %  100ppm 2% -* -2 0 %  100ppm 2% -±-30%  100ppm2% 
- X - 10% 250ppm 2% —51̂—20% 250ppm 2% -#-30%  250ppm 2%
Figure 4.31. TNT Results o f Peroxone Evaluations 
Using 100 ppm and 250 ppm Hydrogen Peroxide with 2% Ozone
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10 20 30 40 50 60
Time (mins.)
10% 100ppm 2% -m -20%  100ppm2% - ± -  30% 100ppm2% 
10% 25Op pm 2% -* -20%  250ppm 2% -« -30%  250ppm 2%
Figure 4.32. TNB Results of Peroxone Evaluations 
Using 100 ppm and 250 ppm Hydrogen Peroxide with 2%  Ozone
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10 20 30 40 50 60
Time (mins.)
10% 100ppm2% -* -20%  100ppm2% - A - 30% 100ppm2% 
10% 250ppm 2% HK-20% 250ppm 2% 30% 250ppm 2%
Figure 4.33. HMX Results of Peroxone Evaluations 
Using 100 ppm and 250 ppm Hydrogen Peroxide with 2% Ozone
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10 20 30 40 50 60
Time (mins.))
10% 100ppm 2% - • —20% 100ppm 2% -A— 30% 100ppm 2% 
10% 250ppm 2% -* -2 0 %  250ppm 2% 30% 250ppm 2%
Figure 4.34. RDX Results of Peroxone Evaluations 
Using 1 0 0  ppm and 250 ppm Hydrogen Peroxide with 2% Ozone
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LPUV 1 NA 0 10 401 60.10 4.46 3.47 12.0 1.40 6.10 2.01
1 NA 10 10 32.90 3.22 0 .59$ 0.728
1 NA 20 10 13.20 i.60 0.185 0.159
I NA 30 10 5.56 2.68 0.072 0.040
1 NA 40 10 1.36 2.41 <0.020 <0.02
1 NA 50 10 0.45} 1.29 <0.020 <0.02
1 NA 60 10 0.053 <0.020 <0.020 <0.02
2 NA 0 10 273.9 62.23 4.34 0.495 24.06 2.19 11.26 3.19
2 NA 10 10 20.02 1.372 1.464 2.024
2 NA 20 10 3.91 1.79 <0.02 1.17
2 NA 30 10 0.683 1.131 <0.02 0.731
2 NA 40 10 0.333 <0.02 <0.02 <0.02
2 NA 50 10 0.279 <0.02 <0.02 <0.02
2 NA 60 10 <0.02 <0.02 <0.02 1.89
LPUV I NA 0 20 465 71.56 6.23 0.494 15.1 2.06 9.30 3.40
1 NA 10 20 53.58 3.82 1.06 1.53
1 NA 20 20 32.06 3.51 0.468 0.600
1 NA 30 20 13.05 2.42 0.133 0.119
1 NA 40 20 3.42 3.25 <0.02 <0.02
1 NA 50 20 0.504 3.29 <0.02 <0.02
1 NA 60 20 0.112 1.97 <0.02 <0.02
2 NA 0 20 530.7 100.0 8.47 0.657 29.18 3.79 27.09 7.29
2 NA 10 20 43.31 3.52 2.26 6.14
2 NA 20 20 14.55 2.51 0.992 2.68
2 NA 30 20 3.14 2.40 <0.02 <0.02
2 NA 40 20 1.11 1.46 <0.02 <0.02
2 NA 50 20 0.794 0.180 <0.02 <0.02
2 NA 60 20 0.549 <0.02 <0.02 0.478
LPUV 1 NA 0 30 513 74.90 8.00 0.560 15.8 2.11 12.10 4.79
1 NA 10 30 42.90 5.60 1.01 1.91
I NA 20 30 22.00 5.20 0.419 0.61
1 NA 30 30 10.50 5.14 0.164 0.192
1 NA 40 30 3.18 5.87 0.053 0.046
I NA 50 30 0.797 5.17 <0.02 <0.02
I NA 60 30 0.026 3.12 <0.02 <0.02
2 NA 0 30 612.9 84.62 10.6 <0.02 25.41 2.94 29.81 7.99
2 NA 10 30 35.33 0.685 1.57 4.97
2 NA 20 30 13.57 0.562 1.12 3.35
2 NA 30 30 3.77 0.327 <0.02 0.917
2 NA 40 30 1.12 3.04 <0.02 1.78
2 NA 50 30 0.647 2.19 0.550 0.495
2 NA 60 30 <0.02 1.05 <0.02 <0.02
NA 1 100 0 10 350 55.30 3.98 0.339 13.4 1.28 5.40 1.70
I 100 10 10 37.30 4.56 1.08 1.35
1 100 20 10 20.60 4.27 0.852 0.935
I 100 30 10 9.46 2.57 0.620 0.586
1 100 40 10 4.36 1.84 0.458 0.391
I 100 50 10 1.65 1.60 0.309 0.202
I 100 60 10 0.401 l i 6 0.173 0.088
2 100 0 10 396 55.04 4.45 0.329 14.0 i . i i 5.38 11.73
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2 100 10 10 22.52 4.57 0.458 1.02
2 100 20 10 6.26 2.65 0.309 0.473
2 100 30 10 1.75 2.28 0.173 0.219
2 100 40 10 0.172 1.41 0.123 0.051
2 too 50 10 <0.02 0.66 <0.02 <0.02
2 100 60 10 <0.02 0.398 ^ '.o i <0.02
NA I 100 0 20 4^5 73.12 6.83 0.5 i i 14.5 2.17 9.70 3.44
1 100 10 io 60.32 3.68 1.99 3.06
1 100 20 20 42.4 5.52 1.73 2.49
1 100 30 20 25.50 4.31 1.42 1.82
1 100 40 20 13.69 2.08 1.10 1.28
I 100 50 20 7.38 1.80 0.861 0.869
I 100 60 io 2.93 1.66 0.594 0.469
2 too 0 20 407.1 83.29 5.20 0.520 33.38 2.82 16.40 5.53
2 100 10 20 32.86 2.78 2.16 4.78
2 100 io 20 9.40 0.645 1.29 1.95
2 100 30 20 2.66 0.429 1.04 1.32
2 100 40 20 0.881 <0.02 <0.02 <0.02
2 100 50 20 0.481 <0.02 <0.02 <0.02
2 100 60 20 0.306 0.245 <0.02 0.445
NA 1 100 0 30 587 78.90 8.60 0.585 18.4 2.27 15.0 4.83
1 100 10 30 67.90 3.93 2.17 4.48
I 100 20 30 49.30 6.60 1.89 3.65
I 100 30 30 31.94 7.02 1.58 2.80
1 100 40 30 18.48 5.73 1.26 2.01
I 100 50 30 8.91 4 .0 i 0.947 1.30
1 100 60 30 4.56 3.21 0.725 0.871
2 100 0 30 815.4 93.24 9.58 0534 27.59 2.79 30.15 7.44
2 100 10 30 34.95 0.217 2.01 5.77
2 100 20 30 5.17 0.282 1.33 2.85
2 100 30 30 3.45 0.132 0.847 1.10
2 100 40 30 1.33 <0.02 0.598 0.532
2 100 50 30 0.873 <0.02 <0.02 0.702
2 100 60 30 0.457 <0.02 <0.02 0.479
NA I 250 0 10 311 53.80 4.06 0.342 11.6 1.34 5.15 1.83
I 250 10 10 35.30 3.43 1.14 1.43
1 250 io 10 24.30 3.61 0.980 1.12
1 250 30 10 14.50 3.02 0.790 0.811
1 250 40 10 7.58 2.09 0.610 0.527
1 250 50 10 4.05 1.32 0.465 0.355
1 250 60 10 1.47 0.947 0.311 0.191
2 250 0 10 469 57.40 3.66 0.352 16.9 1.40 5.02 1.75
2 250 10 10 31.40 3.70 1.14 1.22
2 250 20 10 12.60 3.36 0.783 0.690
2 250 30 10 4.46 1.78 0.510 0.355
2 250 40 10 1.37 1.31 0.295 0.151
2 250 50 10 0.400 0.789 0.124 0.041
2 250 60 10 0.194 0.280 0.032 <0.02
NA 1 250 0 20 512 73.20 6.76 0.521 16.8 2.17 10.7 3.56
1 250 10 20 55.50 2.98 2.02 3.00
1 250 20 io 37.70 5.50 1.72 2.34
1 250 30 20 23.00 5.01 1.41 1.78
1 250 40 io 12.80 3.80 1.11 1.21
1 250 50 20 6.34 2.72 0.834 0.774
1 250 60 io 2.82 1.73 0.593 0.469
2 250 0 20 520 72.40 729 0.509 13.7 2.07 9.64 3.42
2 250 10 io 33.80 5.80 1.59 2.18
2 250 20 20 12.90 3.63 1.06 1.18
2 250 30 io 3.63 2.18 0.604 0.508
2 250 40 20 0.758 1.38 0.263 0.138
2 250 50 20 0.240 0.528 0.064 0.015
2 250 60 20 0.055 0.185 <0.02 <0.02
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NA 1 250 0 30 527 69.60 s .ii 0.459 16.1 l i 3 14.7 4.58
1 250 10 30 52.10 2.77 i . i i 3.86
I 250 io 30 34.80 4.25 1.84 3.00
I 250 io io 21.30 3.39 1.50 2.20
1 250 40 30 13.60 i.46 1.26 1.67
I 250 50 io 8.37 2.57 1.03 12.3
1 250 60 30 4.02 2.45 0.783 0.807
2 250 0 30 570 74.10 9.54 0.580 15.0 2.47 i4 .i 4.91
2 250 10 io 45.io 5.64 2.14 3.62
2 250 20 30 21.00 2.86 1.55 2.26
2 250 30 30 9.46 2.91 1.12 1.57
2 250 40 30 3.49 i.65 0.768 0.760
2 250 io 30 1.03 2.16 0.471 0.344
2 250 60 30 o .ii i 1.46 0.235 0.114
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solids, oxidizer concentration, economics, and decay rates on the explosives were used to 
identify the optimal treatment technique.
Tables 4.11 through 4.19 present the results of rate coefficient determinations 
which were evaluated using TableCurve. The results of ranking the treatments based upon 
rate coefficients and the H2 0 2  / 0 3  ratios are presented in Table 4.20. Graphs generated 
using TableCurve are presented in Appendix B. The reactions were first order for TNT, 
HMX, and RDX. The reaction kinetics for TNB were different from TNT, HMX, and 
RDX (see section 3.2.3). It is widely believed that TNB is a reaction by-product o f TNT 
degradation. Plots o f concentration vs. time (see Figures 4.8 and 4.12) indicated visually 
that TNB degradation could not be linearized and that non-linear equations were required 
for TNB degradation kinetics. TableCurve indicated that the kinetics of TNB degradation 
were first order intermediate. It should be noted that high standard error values were 
obtained for k, rate coefficients during optimization evaluations of TNB in three 
treatments; 1% LPUV 20%, 2% 100 10%, and 2% 250 30%. These will be discussed in 
more detail in section 4.6.2. The k, rate coefficients for those treatments are hence 
represented as estimates in Table 4.11.
4.5.1 Effects of Oxidizer Concentrations
Figures 4.35 through 4.39 present the results of increasing ozone in the LPUV 
systems and increasing ozone and / or hydrogen peroxide and solids concentrations in the 
peroxone systems. Tables 4.12 through 4.15 present the percent increase or decrease in 
rate coefficient caused by increasing the ozone concentration in the LPUV evaluations and 
ozone and / or hydrogen peroxide in the peroxone systems for TNT, TNB, HMX, and
148
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Table 4.11. Results of Rate Coefficient Determinations (m in1)
Explosive
Run












TNT 91 10 LPUV NA 1% 0.073 0.99
TNB 0.020 First order 0.61
HMX 0.093 0.99
RDX 0.110 0.99
TNT 93 20 LPUV NA 1% 0.051 0.96
TNB 2.356 est. 0.007 0.81
HMX 0.076 0.99
RDX 0.087 0.99
TNT 95 30 LPUV NA 1% 0.064 0.99
TNB 0.189 0.009 0.86
HMX 0.079 0.99
RDX 0.098 0.99
TNT 85 10 LPUV NA 2% 0.12 0.99
TNB 0.087 0.087 0.74
HMX 0.084 0.91
RDX 0.044 0.60
TNT 84 20 LPUV NA 2% 0.092 0.99
TNB 0.083 0.083 0.88
HMX 0.072 0.97
RDX 0.058 0.89
TNT 87 30 LPUV NA 2% 0.091 0.99
TNB 0.013 0.012 0.41
HMX 0.064 0.93
RDX 0.050 0.99
TNT 94 10 NA 100 1% 0.054 0.98
TNB 0.195 0.034 0.97
HMX 0.027 0.97
RDX 0.037 0.97
TNT 92 20 NA 100 1% 0.038 0.96
TNB 0.059 0.059 0.88
HMX 0.019 0.96
RDX 0.026 0.95
TNT 96 30 NA 100 1% 0.034 0.95
TNB 0.042 0.042 0.92
HMX 0.017 0.94
RDX 0.024 0.94
TNT 97 10 NA 100 2% 0.098 0.99
TNB 3.609 est. 0.042 0.97
HMX 0.049 0.98
RDX 0.065 0.99
TNT 86 20 NA 100 2% 0.100 0.99
TNB 1.016 est. 0.129 0.93
HMX 0.046 0.93
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(table continued)













TNT 88 30 NA 100 2% 0.109 0.994
TNB 0.054 First order 0.895
HMX 0.043 0.971
RDX 0.051 0.961
TNT 98 10 NA 250 1% 0.045 0.993
TNB 0.062 0.062 0.986
HMX 0.021 0.979
RDX 0.031 0.984
TNT 99 20 NA 250 1% 0.041 0.981
TNB 0.050 0.049 0.888
HMX 0.019 0.959
RDX 0.028 0.974
TNT 102 30 NA 250 1% 0.039 0.990
TNB 0.085 0.026 0.750
HMX 0.017 0.980
RDX 0.026 0.988
TNT 100 10 NA 250 2% 0.073 0.992
TNB 0.066 0.111 0.977
HMX 0.038 0.965
RDX 0.052 0.983
TNT 101 20 NA 250 2% 0.085 0.997
TNB 0.253 0.058 0.986
HMX 0.044 0.965
RDX 0.059 0.985
TNT 103 30 NA 250 2% 0.064 0.991
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Table 4.12. Effect of Increasing








LPUV 10 NA 1%—> 2% Ozone 64%
20 80%
30 42%
Peroxone 10 100 ppm 1% —> 2% Ozone 81%
20 163%
30 221%
10 250 ppm 1%—> 2% Ozone 62%
20 107%
30 64%
10 100 ppm — > 250 ppm 1% Ozone -17%
20 8%
30 15%
10 100 ppm — > 250 ppm 2%  Ozone -26%
20 -15%
30 -41%
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Table 4.13. Effect o f  Increasing

























10 100 ppm —> 250 ppm 1% Ozone -68% 82%
20 -15% 20%
30 102% -38%
10 100 ppm —> 250 ppm 2% Ozone -98% 164%
20 -75% -55%
30 * *





* Could not be determined because I0%LPUV1% and 30% 1002% were modeled as first order
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Table 4.14. Effect of Increasing





















10 100 ppm — > 250 ppm 1% Ozone -22%
20 0%
30 0%
10 100 ppm —> 250 ppm 2% Ozone -10%
20 -4%
30 -30%
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Table 4.15. Effect of Increasing





















10 100 ppm — > 250 ppm 1% Ozone -16%
20 8%
30 8%
10 100 ppm — > 250 ppm 2% Ozone -20%
20 16%
30 -14%
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Table 4.16. Effect o f Increasing
Solids Loadings on the Degradation o f TNT
System
Hydrogen Peroxide 
Cone. Ozone Cone. Solids Change
Increase in 
Rate Coefficient
LPUV NA 1% 10% —> 20% -30%
20% —> 30% 25%
2% 10% —̂  20% -23%
20% —> 30% -1%
Peroxone 100 ppm 1% 10% —> 20% -30%
20% -^> 30% -11%
2% 10% —> 20% 2%
20% —> 30% 8%
250 ppm 1% 10% —> 20% -8%
20% —> 30% -5%
2% 10% — 20% 16%
20% —> 30% -25%
Table 4.17. Effect o f Increasing 





Solids Change Increase in k, 
Rate Coefficient
Increase in k̂  
Rate Coefficient
LPUV NA 1% 10% —> 20% * *
20% —̂ > 30% -92% 29%
2% 10% —> 20% -5% -5%
20% —> 30% -84% •84%
Peroxone 100 ppm 1% 10% — 20% -70% 74%
20% —> 30% -29% -29%
2% 10% —> 20% -72% 207%
20% —> 30% * *
250 ppm 1% 10% —> 20% -19% -21%
20% —> 30% 70% -47%
2% 10% —> 20% 283% -48%
20% —> 30% 803% -57%
* Could not be determined because 10%LPUV1% and 30% 1002% were modeled as first order
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Table 4.18. Effect of Increasing
Solids Loadings on the Degradation o f HMX
System Hydrogen Peroxide 
Cone.
Ozone Cone Solids Change Increase In 
Rate Coefficient
LPUV NA 1% 10% —> 20% -18%
20%—>30% -4%
2% 10% —> 20% -14%
20% —> 30% -11%
Peroxone 100 ppm 1% 10% —> 20% -30%
20% —> 30% -11%
2% 10% —> 20% -6%
20% —> 30% -7%
250 ppm 1% 10% —> 20% -10%
20% —> 30% -11%
2% 10% —»  20% 0%
20% —> 30% -32%
Table 4.19. Effect o f Increasing 
Solids Loadings on the Degradation o f RDX
System
Hydrogen 
Peroxide Cone Ozone Cone. Solids Change
Increase in 
Rate Coefficient
LPUV NA 1% 10% —> 20% -21%
20% —> 30% 13%
2% 10% —> 20% 32%
20% —> 30% -14%
Peroxone 100 ppm 1% 10% —> 20% -30%
20% —> 30% -8%
2% 10% —> 20% -22%
20% —> 30% 0%
250 ppm 1% 10% —■> 20% -10%
20% —> 30% -7%
2% 10% —» 20% -12%
20% —> 30% -25%
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Table 4.20. Ranking of Rate Coefficients for TNT, TNB, HMX, and RDX
System TNT (Kate Coefficient, min'1) TN fyk, Rate Coefficient, m in1) TNB (k , Rate Coefficient, min'1) IIMX (Rate Coefficient, m in 1) RDX (Rate Coefficient, min'1)
LPUV 10%I.P(JV2% (0.120) 20%LP1IVI% (2.356) I0% I.P(IV2%  (0.087) I0% LPIJV I%  (0.093) 10%LPUV1% (0.110)
20%LPUV2% (0.092) 30%1.PUVI% (0.189) 20%LPUV2% (0.083) 10%LPl)V2% (0.084) 30%LP1)V1% (0.098)
30%LPl)V2% (0.091) I0%LPIJV2% (0.087) 30%LPUV2% (0.013) 30%LPUV1% (0.079) 20% LPUVI%  (0.087)
10%LPUVI% (0.073) 20%LPUV2% (0.083) 30% LP(JVI%  (0.009) 20% LPUVI%  (0.076) 20% LPl)V2%  (0.058)
JO% l.PIIVI%  (0.064) I0% LPIIV I%  (0.020) first order 20% LPIIVI%  (0.007) 20%LPUV2% 40.072) 30%LPUV2% 40.050)
20%LPUV1% (0.0SI) 30%LPl)V2% (0.013) 30%LPUV2% (0.064) 10%LPIIV2% (0.044)
TNT (Rate Coefficient, min'1)
( O I O )
TNB(k, Rate Coefficient, min’1) 
(H/O)
TNB(k] Rate Coefficient, min’1) 
(H/O)
IIMX(Rate Coefficient, m in") 
(ll/O)
RDX (Rate Coefficient, min ') 
(ll/O)
Pcroxone 30%1002% (0.109) 40.18) I0% I002%  (3.609) (0.13) 26% I002%  (0.129) (0.11) I0% 1H 2%  (0.049) (0.13) I0% I002%  (0.06S) (0.13)
20% I002%  (0.100) (0.11) 30%2502% (2.284) (0.37) 10562502% <0.111) (0.38) 20% I002%  (0.046) (0.11) 20%2502% (0.059) (0.32)
10V.1002*/. (0.098) (0.13) 20%1002% (1.016) (0.11) I0%2501% (0.062) (0.90) I0%2502%(0.044) (0.38) !0%2502%(0.0S2) (0.38)
20V.2S02*/. (0.085) (0.32) 20%2502% (0.253) (0.32) 20% I00I%  (0.059) (0.37) 20%2S02% (0.044) (0.32) 20% l002% f0.05l) (0.11)
I0%2502% (0.073) (0.38) I0% I00I%  (0.195) (0.48) 20%2502% (0.058) (0.32) 30% I002%  (0.043) (0.18) 30%I002%(0.0SI) (0.18)
30%2502% (0.064) (0.37) 30%2S01% (0.085) (0.76) 20%2501% (0.049) (0.47) 30%2S02% (0.030) (0.37) 30%2S02% (0.044) (0.37)
I0% I00I%  (0.054) (0.48) I0%2502% (0.066) (0.38) 30% I00I%  (0.042) (0.69) I0% I00I%  (0.027) (0.48) I0% I001%  (0.037) (0.48)
10%250l% (0.04S) (0.90) I0% 250l%  (0.062) (0.90) I0% I002%  (0.042) (0.13) I0% 250l%  (0.021) (0.90) 10% 250l%  (0.031) (0.90)
20%25QI% (0.041) (0.47) 20% 100l%  (0.059) (0.37) I0% I00I%  (0.034) (0.48) 20% I00I% (0.0I9) (0.37) 20%2S0I%(0.028) (0.47)
30% 250l%  (0.039) (0.76) 30% 1002% (0.054) first order 
(0.18)
30% 2S0I%  (0.026) (0.76) 20%2501 %(0.019) (0.47) 20% 1001 %f0.026> (0.37)
20% 1001% (0.038) (0.37) 20% 250l%  (0.050) (0.47) 30%2S02% (0.025) (0.37) 30% l00l% (0.0l7) (0.69) 30% 250l%  (0.026) (0.76)
30% I00I%  (0.034) (0.69) JQ % 199I% 19,9M  (9,6?) 30%250I%(0.0I7) (0.76) 30% I00I%  (0.024) (0.69)
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Figure 4.37. Effect of Increasing Ozone Concentrations from 1% to 2% on Peroxone Rate Coefficients (min1)
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Figure 4.38. Effect of Increasing Hydrogen Peroxide Concentrations from 100 ppm 
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Figure 4.39. Effect of Increasing Hydrogen Peroxide from 100 ppm 
To 250 ppm In the 2% Ozone Systems
RDX, respectively. Percent increases /  decreases for each system were calculated as
follows:
(high ox. conc. rate coefficient) -  (lower ox. conc. rate coefficient) * 1 0 0  = % inc. or dec. 
(lower ox. conc. rate coefficient)
For example,
10% solids, LPUV, 1% ozone rate coefficient = 0.073 min ' 1
10% solids, LPUV, 2% ozone rate coefficient = 0.120 min ' 1
0.120 min ' 1 -0 .073  min ' 1 * 100 = 64% increase in rate coefficient due to increasing ozone 
0.073 min ' 1 concentration from 1% to 2% (see Table 4.12).
4.5.1.1 LPUV/Ozone
Figure 4.35 presents the results of rate coefficients for TNT, TNB, HMX, and 
RDX at ozone concentrations o f 1% and 2% in the LPUV system. The effect o f 
increasing ozone concentration from 1% to 2% in the LPUV / ozone system will be 
discussed for TNT, TNB, HMX, and RDX individually below.
4.5.1.1.1 TNT
In the LPUV / Ozone systems, the rate coefficient always increased as oxidizer 
concentration increased from 1% to 2% ozone (see Figure 4.35) (for example, 
10%LPUV2% rate coefficient > 10%LPUV1% rate coefficient). The minimal increase in 
rate coefficient was 42% at a 30% solids concentration (see Table 4.12). At 10% and
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2 0 % solids, the increases in rate coefficients realized by increasing ozone from 1 % to 2 % 
were 64% and 80%, respectively. Doubling the ozone concentration did not double the 
rate coefficient. The highest rate coefficient, 0.12 min'1, was in the 10%LPUV2% system. 
The rate coefficient results indicate that ozone is limiting at the 1% ozone concentration.
4.5.1.1.2 TNB
The effect o f oxidizer concentration on the rate coefficients, i.e., k, and k2, (note 
that degradation o f TNB was through irreversible reactions in series as described in 
section 3.2.3) in the LPUV systems was significant and is described by first order 
intermediate kinetics as was previously discussed. One exception was encountered in the 
10% solids, LPUV, 1 % ozone system. This system exhibited first order kinetics and could 
not be described according to first order intermediate kinetics. The first order kinetic rate 
for the 10% solids, LPUV, 1% ozone system was 0.020 m in 1. The remainder o f the 
discussion concerning LPUV treatments o f TNB will be utilizing first order intermediate 
kinetics.
Comparing equal solids loadings, i.e., 30% solids, LPUV, 1% ozone vs. 30% 
solids, LPUV, 2% ozone, application o f 1% ozone strongly effects the oxidation of TNT 
to TNB (k, rate coefficient) (see Figure 4.36). The 1% ozone k, rate coefficients are 
greater than one order o f magnitude higher than the k, rate coefficients utilizing 2 % 
ozone. However, application o f 1% ozone slows the oxidation o f TNB to products, i.e., 
k2  rate coefficients are lower utilizing 1% ozone than 2% ozone. When the k, rate 
coefficient » >  k2  rate coefficient, the rate coefficient is determined by the k2  rate 
coefficient (Levenspiel 1962), or the second step in the two-step reaction.
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The k2  rate coefficients in the TNB model represent conversion o f TNB to 
products and represents both oxidation o f TNB originally in the system and TNB formed 
due to the oxidation of TNT. Four oxidation systems, including peroxone and LPUV 
systems, had relatively larger k, rate coefficients, by at least an order o f magnitude, when 
compared to the other systems; 20%LPUV1% (2.356 m in1, r  = 0.81), 10%1002% (3.609 
m in 1, r  = 0.972), 20%1002% (1.016 m in 1. r  = 0.93), and 30%2502% (2.284 m in 1, r  =
0.865). However, the standard errors were extremely high (see Appendix B) indicating 
these values are estimates. Peroxone rate coefficients will be discussed in more detail in 
the next section. The next highest k, rate coefficient in the LPUV systems was 0.189 min- 
1 ( r  = 0.861) for the 30%LPUV1% system. It should be noted that generally, the highest 
k, rate coefficients in the LPUV systems were realized using 1% ozone while 2% ozone 
had the highest k, rate coefficients for peroxone systems (see Figure 4.35).
In the 1% ozone evaluations, the k, rate coefficient which represents the 
degradation of TNT to TNB was relatively fast in the LPUV systems. The k, rate 
coefficients for 1 0 % and 2 0 % solids, with 1 % ozone, were approximately an order of 
magnitude larger than the k, rate coefficients in the 2% ozone systems. However, the 1% 
ozone k2  rate coefficients were much lower than 2% ozone k2  rate coefficients. This 
indicates that ozone was perhaps underdosed in the 1% ozone conversion o f TNB to 
products. After TNT was converted to TNB in the 1% ozone systems, the oxidation rates 
were much slower, i.e., k2  rate coefficients, for the 1 % ozone systems were much lower 
than the k, rate coefficients in the 1% ozone systems. In addition, the k2  rate coefficients
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in the 20% and 30% solids, 1% ozone systems, were lower than the k2  rate coefficients in 
the 2 % ozone systems.
The k, rate coefficients and k2  rate coefficients in the 2% ozone systems were 
approximately the same (see Figure 4.35). The oxidation rates o f  TNT to TNB and 
subsequent oxidation of TNB to products was at approximately the same rate (see Table 
4.13) (0.087 min ' 1 for k, and k 2  rate coefficients for 10% solids, 0.083 min ' 1 for k, and k2  
rate coefficient for 2 0 % solids, and 0.013 min ' 1 k, and k2  rate coefficients 0.013 min' 1 for 
30% solids). Although it will be discussed in more detail in the section to follow, a similar 
phenomena occurred in the peroxone systems. However, the k, rate coefficients and k2  
rate coefficients were similar in the 1% ozone peroxone systems. The 20% 1001%,
30% 1001%, 10%2501%, and 20%2501% systems had approximately equal k, rate 
coefficients and k2  rate coefficients.
Based on the results o f k, rate coefficients and k2  rate coefficients for TNB 
degradation, systems utilizing LPUV in combination with 2% ozone appear to be critical 
to the degradation of TNB to products (k2  rate coefficient). Although 1% ozone systems 
have faster k, rate coefficients, the degradation of TNB to products (k2  rate coefficient) is 
relatively very slow and rate-limiting when compared to 2 % ozone systems.
In the LPUV systems, the optimal ozone dosage for TNB treatment appears to be 
2% ozone based upon the rate-limiting step of conversion of TNB to products. While the 
20% solids, LPUV, 1% ozone system is optimal (note high standard error) for formation 
of TNB from TNT (see k, rate coefficients, analyzing only ultraviolet systems, i.e., not 
peroxone), it should be noted that this was the least effective system for TNT removal. In
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addition, the second most effective ultraviolet / ozone treatment for TNB was 30% solids, 
LPUV, 1% ozone, which was the next to least effective ultraviolet / ozone treatment for 
TNT. There appears to be an inverse relationship between TNT degradation and TNB 
formation from TNT in the LPUV / ozone treatment systems. As the rate of oxidation of 
TNT to products increases, the rate of oxidation o f  TNT to TNB decreases.
Similarly to the oxidation of TNT to products, the oxidation o f TNB to products,
i.e., the k2  rate coefficient, increases as the percent ozone increases from 1% to 2%. The 
top three optimal treatments based upon k2  rate coefficients for degradation of TNB, when 
compared to TNT degradation to products, are the same (listed most to least effective); 
10%LPUV2%, 20%LPUV2%, and 30%LPUV2% (see Table 4.20).
4.5.1.1.3 HMX
The rate coefficients for the LPUV systems were higher than all of the peroxone 
system rate coefficients (see Table 4.20). This indicates that HMX is highly photoreactive 
in relation to the other explosive compounds assessed, i.e., TNT, TNB, and RDX. The 
lowest LPUV treatment rate coefficient (the 30%LPUV2%, 0.064 min'1) was higher than 
the highest peroxone rate coefficient for HMX degradation, 0.049 min ' 1 (the 10% 1002% 
system). In the LPUV systems, the rate coefficient decreases, albeit only slightly (4% - 
10%, see Table 4.14), as the % ozone increases from 1% to 2% ozone. This indicates that 
HMX is degraded through mechanisms different from that of TNT and TNB. Langlais, 
Reckhow, and Brink (1991) state that ozone adsorbs UV radiation and hence could inhibit 
photolysis o f HMX. In addition, higher ozone oxidizer dosages are more expensive to
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generate. However, HMX is oftentimes not the main target compound, as in this case 
where the most recalcitrant compounds appear to be TNT and TNB.
4.5.1.1.4 RDX
The highest rate coefficient for RDX was 0.11 min ' 1 for the 10% solids, LPUV, 
1 % ozone system (see Figure 4.35). This rate coefficient was almost three times the rate 
coefficient for the 10% solids, LPUV, 2% ozone system (the least effective system). 
Similarly to the behavior of HMX, the degradation rate coefficient decreased as ozone 
concentration increased for each o f the solids concentrations tested. When compared to 
the other explosives, the 10% solids, LPUV, 2% ozone system was the most effective 
system for TNT (rate coefficient = 0.120 min'1), TNB to products (k2  rate coefficient = 
0.087 min'1), and the second most effective system for HMX (rate coefficient = 0.084 
min'1). However, this system (10%LPUV2%) was the least effective for RDX treatment.
4.5.1.2 Peroxone
Figure 4.36 presents the results o f rate coefficients for TNT, TNB, HMX, and 
RDX at ozone concentrations o f 1% and 2% in the 100 ppm hydrogen peroxide peroxone 
system. Figure 4.37 presents the results of rate coefficients for TNT, TNB, HMX, and 
RDX at ozone concentrations o f 1% and 2% in the 250 ppm hydrogen peroxide peroxone 
system. Figure 4.38 presents the results o f rate coefficients for TNT, TNB, HMX, and 
RDX at hydrogen peroxide concentrations of 100 ppm and 250 ppm in the 1% ozone 
peroxone system. Figure 4.39 presents the results of rate coefficients for TNT, TNB, 
HMX, and RDX at hydrogen peroxide concentrations o f 100 ppm and 250 ppm in the 2%
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ozone peroxone system. The effect of increasing oxidizer concentrations will be discussed 
for TNT, TNB, HMX, and RDX individually below.
4.5.1.2.1 TNT
In peroxone systems, the rate coefficient increased as the ozone concentration 
increased from 1% to 2% in all cases (see Figures 4.28 and 4.29). In some cases, the rate 
coefficient was more than tripled (compare 30% 1001% to 30%1002%, an increase of 
221%, see Table 4.12). Greater them 100% increases in rate coefficients were realized 
from increasing ozone from 1 % to 2 % in the 2 0 % solids / 1 0 0  ppm hydrogen peroxide 
(see Figure 4.36), 20% solids / 250 ppm hydrogen peroxide (see Figure 4.37), and 30% 
solids /100 ppm hydrogen peroxide (see Figure 4.36) systems. In the 1% ozone systems, 
ozone appears to be limiting when the rate coefficients o f 1 % and 2 % ozone are 
compared.
The highest rate coefficient (0.11 min'1) in the peroxone evaluations was realized 
using 30% solids, 100 ppm hydrogen peroxide, and 2% ozone (see Table 4.20). The rate 
coefficient for the 30% solids, 100 ppm hydrogen peroxide, and 2% ozone system is only 
slightly less than the rate coefficient for the 10% solids, LPUV, and 2% ozone system 
(rate coefficient is 0.12 min'1). This may be beneficial when comparing peroxone and 
LPUV systems for selection of the optimal system since it may be more economical to 
select peroxone (economic drivers are mainly the use of LPUV and / or ozone).
In the case o f ozone, 2% ozone rate coefficients were higher than 1% ozone rate 
coefficients in all cases. This seems particularly critical in the assessments o f peroxone
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utilizing 100 ppm hydrogen peroxide. The increase in TNT rate coefficients realized by 
increasing the ozone concentration in the peroxone assessments is more pronounced than 
that o f increasing the ozone concentration in the LPUV system. Increases in rate 
coefficients by increasing ozone from 1% to 2% were 81%, 163%, and 221% using 100 
ppm hydrogen peroxide for 10%, 20%, and 30% solids, respectively (see Table 4.12).
Increasing the hydrogen peroxide concentration from 100 ppm to 250 ppm 
decreased the rate coefficient in the 1 0 % solids systems for both 1 % and 2 % ozone (see 
Figure 4.38). In the 1% ozone, 20% and 30% solids systems, increasing hydrogen 
peroxide from 100 ppm to 250 ppm slightly increased rate coefficients, i.e., 8 % and 15% 
increases, respectively. Although mean initial TNT concentrations in the aqueous phase 
are not increasing as solids concentrations increase (see Table 4.6), concentrations of 
other constituents which act as scavengers of hydrogen peroxide may be increasing; hence, 
the need to increase hydrogen peroxide from 100 ppm to 250 ppm in the 1% ozone, 20% 
and 30% solids systems.
Increasing hydrogen peroxide from 100 ppm to 250 ppm in the 2% ozone, 10%, 
20% and 30% solids systems decreased the rate coefficients by 26%, 15%, and 41%, 
respectively (see Table 4.12). This indicates that excess hydrogen peroxide may be 
present in these systems, acting as a scavenger of hydroxyl radicals.
During peroxone evaluations, depending on the solids concentration in the slurry 
and applied ozone concentration, hydrogen peroxide concentrations may or may not be 
limiting. When 10% solids and 1% ozone were utilized, sufficient hydrogen peroxide was 
available, i.e., rate coefficients decreased when hydrogen peroxide was increased from 1 0 0
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ppm to 250 ppm. When 10% solids and 2% ozone were utilized, increasing hydrogen 
peroxide from 100 ppm to 250 ppm also had an adverse effect on the rate coefficients.
This is likely due to overdosing o f hydrogen peroxide in the system, leading to scavenging 
o f the hydroxyl radicals by hydrogen peroxide. This same phenomena was not realized in 
the 1% ozone, 20% and 30% solids systems. Increasing hydrogen peroxide from 100 ppm 
to 250 ppm slightly increased the rate coefficients, i.e., 8 % and 15% for 20% and 30% 
solids, respectively. Although TNT concentrations in the 20% and 30% solids systems are 
not higher than TNT concentrations in the 10% solids system (see Table 4.6), other 
constituents which react with hydrogen peroxide may have increased aqueous phase 
concentrations over that in the 1 0 % solids systems and acted as oxidizer “sinks” in the 1 % 
ozone, 20% and 30% solids systems. This would help to prevent scavenging o f the 
hydroxyl radicals by excess hydrogen peroxide in the 1% ozone, 20% and 30% solids 
systems.
Comparison of the H2 0 2  / 0 3  ratios and rate coefficients indicate that the optimal 
H2 0 2  / 0 3  ratio ranges from 0.11 to 0.18, based on the top three rate coefficients (see 
Table 4.20).
4.5.1.2.2 TNB
The most effective peroxone treatment for conversion o f TNT to TNB, i.e., 
highest k, rate coefficient, was 10%1002% (3.609 min'1) (see Figure 4.36). However, it 
should be noted this k, rate coefficient is an estimate due to the high standard error the 
data generated. One treatment, 30% solids, 100 ppm hydrogen peroxide, and 2% ozone
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appeared to follow first order kinetics and could not be modeled using the first order 
intermediate equations. The most effective treatment for conversion o f TNB to products 
was 20% 1002% (see Figure 4.36). This treatment, 20% 1002%, was also the third most 
effective k, rate coefficient (1.016 min'1). The k, rate coefficients and k, rate coefficients 
were approximately equal in the 20% 1001%, 30% 1001%, 10%2501%, and 20%2501% 
systems.
Increasing from 1% ozone to 2% ozone significantly increased the k, rate 
coefficients for 100 ppm hydrogen peroxide (see Figure 4.36) and 250 ppm hydrogen 
peroxide (see Figure 4.37) (with the exception o f 10% solids, 250 ppm hydrogen 
peroxide, where the k, rate coefficient was increased 6 % by increasing ozone from 1 % to 
2%). Increasing the ozone from 1% to 2% was not as critical in the conversion o f TNB to 
products (see Figures 4.36 and 4.37 and Table 4.13). Percent increases in the k2  rate 
coefficients were 24% and 119% for 100 ppm hydrogen peroxide, 10% solids and 20% 
solids, respectively (this treatment using 30% solids was not compared because first order 
kinetics were followed and cannot be compared to first order intermediate kinetics). 
Percent increases in the k, rate coefficients were 1751% and 1622% for 100 ppm 
hydrogen peroxide and 10% and 20% solids, respectively. In the 250 ppm hydrogen 
peroxide treatments, increasing ozone from 1 % to 2 % increased k2  rate coefficients by 
79% and 18% for 10% and 20% solids, respectively, and decreased k2  rate coefficients for 
30% solids by 4%.
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Peroxone treatment o f TNB indicated that increasing the ozone concentration 
from 1% to 2% increased the k, rate coefficients, i.e., rate of conversion of TNT to TNB, 
for each system.
As hydrogen peroxide was increased from 100 ppm to 250 ppm in the 10% and 
2 0 % solids systems, the k, rate coefficients decreased for both 1 % and 2 % ozone systems 
(see Figures 4.30 and 4.31). The only increase in k, rate coefficients realized by increasing 
hydrogen peroxide from 100 ppm to 250 ppm was in the 30% solids, 1% ozone system, 
which increased rates by 102% (see Figure 4.38). However, the k2  rate coefficient in the 
30% solids, 1% ozone system was decreased by 38% when hydrogen peroxide was 
increased from 100 ppm to 250 ppm hydrogen peroxide (see Figure 4.38).
Generally, when hydrogen peroxide was increased from 100 ppm to 250 ppm, 
either the k, rate coefficients or the k2  rate coefficients or both were decreased. When k, 
rate coefficients increased due to increased hydrogen peroxide, k2  rate coefficients 
decreased or vice versa. With the exception of one system, 20% solids, 2% ozone, 
increasing hydrogen peroxide from 100 ppm to 250 ppm decreased both the k, rate 
coefficients or the k2  rate coefficients. Excess hydrogen peroxide may have been present 
which scavenged the hydroxyl radicals.
Four treatments had approximately equal k, rate coefficients and k2  rate 
coefficients; 20% 1001%, 30% 1001%, 10%2501%, and 20%2501% (see Figures 4.28 and 
4.29). This indicates that TNT is converted to TNB and subsequently TNB converted to 
products at approximately the same rate. Three treatments had much larger k, rate 
coefficients than k 2  rate coefficients (see Figures 4.28 and 4.29); 10% 1002% (greater than
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an order of magnitude increase), 2 0 % 1 0 0 2 % (approximately an order o f  magnitude 
increase), and 30%2502% (approximately two orders of magnitude increase), but also had 
relatively high standard errors.
Comparison o f the H2 0 2  / 0 3  rates to the k, rate coefficients and k2  rate 
coefficients indicate that a H2 0 2  / 0 3  ratio range of 0.11 to 38 is optimal for destruction of 
TNT to TNB and TNB to products, respectively (see Table 4.20).
4.5.1.2.3 HMX
In applications o f peroxone, HMX rate coefficients increased as ozone 
concentrations increased from 1% to 2% for each evaluation (see Figures 4.28 and 4.29). 
However, HMX rate coefficients slightly decreased as hydrogen peroxide increased from 
100 ppm to 250 ppm in the 2% ozone systems (see Figure 4.39). In the 1% ozone 
systems, rate coefficients remained approximately the same (see Figure 4.38); both the 
20% solids, 100 ppm hydrogen peroxide, 1% ozone and 20% solids, 250 ppm hydrogen 
peroxide, 1% ozone systems had a decay rate o f 0.019 min'1. Likewise, both the 30% 
solids, 1% ozone systems utilizing 100 ppm hydrogen peroxide and 250 ppm hydrogen 
peroxide had decay rates of 0.017 min'1. These results indicate that rate coefficients were 
not changed by increasing the hydrogen peroxide concentration in the 1 % ozone systems. 
The 20% and 30% solids evaluations with 1% ozone and 100 ppm and 250 ppm hydrogen 
peroxide remained the same while the 1 0 % solids, 1 0 0  ppm, 1 % ozone (rate coefficient 
was 0.027 min'1) rate coefficient slightly decreased (see Figure 4.38) when 250 ppm 
hydrogen peroxide was added (rate coefficient for 10% solids, 250 ppm hydrogen
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peroxide, and 1% ozone was 0.021 min'1). Since rate coefficients increased when ozone 
increased, and decreased or remained the same when hydrogen peroxide concentrations 
increased for both the 1 % and 2 % ozone evaluations, ozone appeared to be the limiting 
oxidizer in the degradation of HMX in the peroxone evaluations.
The highest rate coefficient was 0.049 min ' 1 for the 10% solids, 100 ppm 
hydrogen peroxide, 2% ozone system. Comparison o f the H 2 0 2  /  0 3  ratio range to the 
rate coefficients indicate that the optimal ratio is in the range o f 0.11 to 0.38 (see Table 
4.20). However, it should be noted that the 20% 1001% treatment had an H2 0 2  / 0 3  ratio 
of 0.37 but the rate coefficient was 0.019 min1, which was considerably lower than the 
10%2502% treatment with a rate coefficient of 0.044 min ' 1 and H2 0 2  / 0 3  ratio of 0.38. 
The highest H2 0 2  / 0 3  ratios, 0.69 and 0.76, had the lowest rate coefficients.
4.5.1.2.4 RDX
Rate coefficients o f RDX in the peroxone evaluations increased as the ozone 
concentrations increased from 1 % to 2 % for both concentrations o f  hydrogen peroxide 
and all three solids loadings (see Figures 4.28 and 4.29). At the 1% ozone dosing, 
insufficient ozone was present for production o f hydroxyl radicals and subsequent 
degradation o f RDX in the peroxone systems. Conversely, ozone was overdosed when 
applied at 2% in all solids loadings of the LPUV evaluations (see above). Ozone likely 
adsorbed ultraviolet light.
When the solids concentration was 10% in the soil slurry, increasing the hydrogen 
peroxide concentration from 100 ppm to 250 ppm decreased the rate coefficient in the 1%
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and 2% ozone systems (see Figures 4.30 and 4.31). This indicates that overdosing o f 
hydrogen peroxide at concentrations of 250 ppm may have led to hydroxyl radical 
scavenging by the hydrogen peroxide at a solids concentration o f 1 0 %.
At the 20% solids loading, the rate coefficients were approximately equal as the 
hydrogen peroxide concentration increased from 100 ppm to 250 ppm in the 1% and 2% 
ozone systems (see Figures 4.30 and 4.31). The rate coefficients for the 20% solids, 100 
ppm hydrogen peroxide and 250 ppm hydrogen peroxide, with 1% ozone were 0.026 
min ' 1 and 0.028 min'1, respectively. In the 20% solids, 100 ppm hydrogen peroxide and 
250 ppm hydrogen peroxide, with 2% ozone evaluations, the rate coefficients were 
basically unchanged by the increase in hydrogen peroxide concentration at 0.051 min ' 1 and 
0.059 min'1, respectively. Increasing the hydrogen peroxide concentration does not 
increase the RDX process removal efficiency to a significant degree, if any, in the 20% 
solids systems.
In the 30% solids loading tests, the rate coefficient increased slightly as hydrogen 
peroxide increased in the 1% ozone evaluations (see Figure 4.38) (0.024 min ' 1 at 100 ppm 
hydrogen peroxide and 0.026 min' 1 in the 250 ppm hydrogen peroxide system). The rate 
coefficient slightly decreased in the 30% solids evaluations with 2% ozone (0.051 min ' 1 in 
the 100 ppm hydrogen peroxide system and 0.044 min ' 1 in the 250 ppm hydrogen peroxide 
system, see Figure 4.39). The slight increase and decrease in rate coefficients as hydrogen 
peroxide concentration increased in the 1 % and 2 % ozone systems, respectively, indicates 
that sufficient hydrogen peroxide is available at a 1 0 0  ppm hydrogen peroxide 
concentration.
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The highest rate coefficient, 0.06S min'1, was realized in the 10% solids, 100 ppm 
hydrogen peroxide, 2% ozone system. This system represents the lowest solids 
concentration in contact with the highest ozone concentration. The lowest rate coefficient 
for RDX degradation was in the 30% ozone, 100 ppm hydrogen peroxide, and 1% ozone 
system, 0.024 m in1. This system represents the highest solids loading with the lowest 
ozone concentration. Hydrogen peroxide concentration does not appear to have much 
effect on oxidation o f RDX.
Comparison of the H2 0 2  / 0 3  ratios to the rate coefficients indicates that the 
optimal H2 0 2  / 0 3  ratio is less than 0.5 (see Table 4.20). Similarly to the results obtained 
for HMX, the lowest rate coefficients were obtained utilizing H2 0 2  / 0 3  rates o f 0.76 and 
0.69.
4.5.1.3 TNT Summary
Figure 4.40 presents the results o f LPUV and peroxone evaluations o f TNT.
Table 4.12 presents the percent increase or decrease due to increasing oxidizer 
concentrations in the LPUV and peroxone systems. The effect o f increasing ozone 
concentration from 1% to 2% on removal o f TNT appears to increase rate coefficients for 
all LPUV and peroxone systems tested (see Figure 4.40). Assessments o f LPUV / ozone 
treatment of TNT indicate that increasing the ozone concentration from 1% to 2% 
increases the rate coefficient by a minimum of 42%. Doubling the ozone concentration 
approximately increased the rate coefficient by 80% at a 2 0 % solids concentration. 
Doubling the ozone concentration in the 10% and 30% solids evaluations increased the
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Figure 4.40. TNT LPUV and Peroxone Rate Coefficients (min'1)
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rate coefficients by 64% and 42%, respectively (100% would represent doubling the rate 
coefficient as ozone concentration, and hence approximate costs for ozone generation, 
were doubled). Depending on the % solids selected as the optimal treatment, ozone 
concentrations may or may not be doubled to approximately double the rate coefficients.
In the peroxone systems, doubling the ozone concentration more than doubled the rate 
coefficient for the 20% and 30% solids (163% and 221%, respectively, see Table 4.12), 
100 ppm hydrogen peroxide evaluations. Doubling the ozone concentration in the 10% 
solids evaluations increased rate coefficients by 81%. In the 2% ozone peroxone systems, 
increasing the hydrogen peroxide from 100 ppm to 250 ppm decreased the TNT rate 
coefficients. In the 1% ozone peroxone system evaluations o f TNT degradation, 
increasing hydrogen peroxide from 100 ppm to 250 ppm decreased 10% solids rate 
coefficients but increased 20% and 30% solids rate coefficients, albeit minimally (see 
Table 4.12). There was no benefit realized in increasing hydrogen peroxide and ozone 
(maximizing concentrations of both oxidizers), i.e., the 10%, 20%, and 30%, 250 ppm 
hydrogen peroxide, and 2 % ozone rate coefficients were less than the 1 0 %, 2 0 % and 
30%, 100 ppm hydrogen peroxide, and 2% ozone rates. The optimal H2 0 2  /  0 3  ratio for 
peroxone treatment appears to be in the range o f 0 . 1 1  to 0.18.
4.5.1.4 TNB Summary
Figure 4.41 presents the results o f LPUV and peroxone evaluations o f TNB.
Table 4.13 presents the percent increase or decrease due to increasing oxidizer 
concentrations in the LPUV and peroxone systems. In the LPUV systems, 1% ozone was
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more effective during the conversion of TNT to TNB (k,) than 2% ozone for the 20% and 
30% solids systems (see Figure 4.41) (10% solids, LPUV, with 1% ozone was not 
modeled according to first order intermediate kinetics). However, during the rate limiting 
step, i.e., conversion of TNB to products (k2), 2% ozone was more effective. In the 20% 
solids system, the use of 1% ozone during the conversion of TNB to products (k2) 
significantly reduced the reaction rates when compared to 2% ozone. The k2  rate 
coefficient at 20% solids, LPUV, 1% ozone was 0.007 min ' 1 while the k2  rate coefficient 
at 20% solids, LPUV, 2% ozone was 0.083 min'1.
During peroxone evaluations, 2% ozone was more effective than 1% ozone by as 
much as an order o f magnitude in the conversion o f TNT to TNB (k,) (conversely to 
LPUV evaluations). The effect of increasing ozone from 1 % to 2% on conversion of 
TNB to products (k2  rate coefficients) also increased the rates of oxidation (see Figure 
4.41). For example, 20% solids, 100 ppm hydrogen peroxide, 2% ozone had a higher k 2  
rate coefficient than did 20% solids, 100 ppm hydrogen peroxide, 1% ozone. The rate 
coefficients of oxidation of TNT to TNB (k,) and TNB to products (k2) increased for each 
system as ozone increased. The exception was 30% solids, 250 ppm hydrogen peroxide 
system which had a decrease of 4% in the oxidation rate of TNB to products. The effect 
o f increasing hydrogen peroxide from 100 ppm to 250 ppm was to increase the k 2  rate 
coefficients of the 1 0 % solids / 1 % ozone (82%), 2 0 % solids /  1 % ozone (2 0 %), and 1 0 % 
solids /  2% ozone (164%) systems (see Table 4.13). The only k, rate coefficient increased 
(102%) due to increasing hydrogen peroxide from 100 ppm to 250 ppm was in the 30% 
solids / 1 % ozone system.
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Based on TNB results, if LPUV is used, a 2% ozone system 'would be selected 
since the k2-step is rate limiting. If peroxone were selected, a 2% ozone system would be 
selected since all o f the k, rate coefficients and k2  rate coefficients increased (with the 
exception o f 30% solids / 250 ppm hydrogen peroxide which decreased by 4% as the 
ozone concentration increased). The determination of whether hydrogen peroxide should 
be increased must be based on solids loading and comparison to the effects on the other 
explosives. This will be discussed more in section 4.5.2.2.
The results of TNB degradation, assessing both k, rate coefficients and k2  rate 
coefficients indicates that the H2 0 2  /  0 3  ratio should be less than 0.5 (see Table 4.20).
4.5.1.5 HMX Summary
All results of LPUV and peroxone evaluations o f HMX are presented in 
Figure 4.42. The percent increase or decrease in rate coefficients due to increasing 
oxidizer concentrations is presented in Table 4.14. In the LPUV systems, increasing 
ozone from 1% to 2% decreased the rate coefficients. However, the effect o f increasing 
ozone in the peroxone systems was to increase oxidation rates from a range of 76% to 
153% (see Table 4.14). Doubling the ozone more than doubled oxidation rates in the 
following systems; 20% solids /100 ppm hydrogen peroxide (142% increase), 30% solids 
/ 100 ppm hydrogen peroxide (153% increase), 10% solids / 250 ppm hydrogen peroxide 
(110% increase), and 20% solids / 250 ppm hydrogen peroxide (132% increase). The 
effect o f  increasing hydrogen peroxide was negligible in the 2 0 % solids /  1 % ozone and 
30% solids /1%  ozone systems, i.e, (0% increase) and decreased the oxidation rate in the 
10% solids /1%  ozone system and decreased oxidation in all o f  the 2%  ozone systems. In
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Figure 4.42. HMX LPUV and Peroxone Rate Coefficients (m in ')
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summary, if a LPUV system is selected as optimal for the YNWS waters, a 1% ozone 
dosage should be selected if HMX is the indicator compound. However, 2% ozone 
should be used if a peroxone system is selected as optimal. In addition, if a peroxone 
system is selected, the hydrogen peroxide concentration should be less than 250 ppm. 
Comparison o f the H 2 0 2  / 0 3  ratios assessed to the resultant rate coefficients indicates that 
the H2 0 2  / 0 3  ratio should be less than 0.5 (see Table 4.20).
4.5.1.6 RDX Summary
The results o f RDX evaluations o f LPUV and peroxone are presented in 
Figure 4.43. Similarly to HMX, 1% ozone is optimal for RDX in the LPUV systems. 
However, increasing ozone from 1% to 2% in the peroxone evaluations resulted in a range 
of 76% to 113% and 6 8 % to 111% increase in the rate coefficient for 100 ppm and 250 
ppm hydrogen peroxide, respectively (see Table 4.15). Increasing the hydrogen peroxide 
concentration in the peroxone evaluations either decreased the process effectiveness (by 
16% to 20%) or increased process effectiveness (8 % to 16%). Increases in treatment 
were realized in the 20% solids / 1% ozone ( 8 %) and 30% solids /1%  ozone systems 
( 8 %). Sufficient oxidizer was likely present in the 10% solids / 1% ozone system but as 
system solids increased to 20% and 30% in the 1% ozone system, addition o f higher 
hydrogen peroxide concentrations became desirable. Relative to the effect of increasing 
ozone, the effect of increasing hydrogen peroxide was minimal. Similarly to the results 
reported for HMX, the comparison o f the H 2 0 2  / 0 3  ratio to the subsequent rate 
coefficients indicates that the H2 0 2  / 0 3  ratio should be less than 0.5 (see Table 4.20).
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4.5.2 Effects of Solids Loadings
The effects of increasing solids loadings in the LPUV and peroxone systems are 
illustrated in Figures 4.27 through 4.35 and in Tables 4.16 through 4.19. The discussions 
below are based on evaluations o f effects on rate coefficients. However, it should be 
noted that the mean TNT concentrations in the soils after slurrying at 10%, 20%, and 30% 
solids were 336.3 mg/kg (below the 370 mg/kg criteria), 480.0 mg/kg (above the 370 
mg/kg criteria), and 582.3 mg/kg (above the 370 mg/kg criteria), respectively (see Table 
4.10). Mean concentrations of TNB after slurrying at 10%, 20%, and 30% solids were 
3.31 mg/kg, 2.86 mg/kg, and 8.13 mg/kg, respectively (all below the 37 mg/kg criteria). 
Concentrations o f HMX were 19.43 mg/kg, 32.90 mg/kg, and 24.75 mg/kg, after 
slurrying at 10%, 20% and 30% solids and RDX concentrations were 8.54 mg/kg, 8.84 
mg/kg, and 20.78 mg/kg, respectively. Concentrations of HMX and RDX were below the 
37,000 mg/kg and 2 2 0 0  mg/kg criteria, respectively.
4.5.2.1 LPUV/Ozone
4.5.2.1.1 TNT
In the 1% ozone system, the rate coefficient decreased as the % solids increased 
from 10% to 20% and increased as the % solids increased from 20% to 30%. In the 2% 
ozone system, the rate coefficient decreased as the % solids increased (see Figure 4.43). 
However, as the LPUV / 2% ozone system solids were increased from 20% to 30%, the 
decrease in treatment efficiency was 1% (see Figure 4.43 and Table 4.16). The rate 
coefficients in the 20% solids / LPUV / 2% ozone and 30% solids / LPUV / 2% ozone 
systems were approximately the same.
186
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.5.2.1.2 TNB
The effect of increasing the solids loading in the LPUV system was not 
determined for the 10% solids, LPUV, 1% ozone system since it followed first order 
kinetics. The effect o f increasing solids from 20% to 30% in the LPUV / 1% ozone 
system was to decrease the k, rate coefficient by 92% but increase the k2  rate coefficient 
by 29% (see Table 4.17). However, in the LPUV / 2% ozone system, increasing the 
solids from 10% to 20% and from 20% to 30% decreased the treatment efficiency o f TNT 
to TNB (k,) and TNB to products (k2) (see Table 4.17). The k, rate coefficients and k2  
rate coefficients were decreased by the same amount when solids were increased from 
10% to 20%, a decrease of 5%, and were decreased by the same amount when solids were 
increased from 20% to 30%, a decrease o f 84%.
4.5.2.1.3 HMX
Increasing the solids loading caused HMX treatment efficiency to decrease for all 
LPUV treatments (see Table 4.18). The decrease ranged from 4% (increasing solids from 
20% to 30% in the LPUV /1%  ozone system) to 24% (increasing solids from 10% to 
30% in the LPUV / 2% ozone system).
4.5.2.1.4 RDX
Increasing solids loading from 20% to 30% in the LPUV / 1% ozone system 
increased the rate coefficient by 13% (see Table 4.19). In the LPUV / 2% ozone system, 
increasing the solids loading from 10% to 20% increased the rate coefficient by 32%. 
Treatment efficiency decreased by 21% in the LPUV /1%  ozone treatment when the
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solids loading was increased from 10% to 20% and decreased in the LPUV /  2% ozone 
system when the solids were increased from 20% to 30%.
4.5.2.2 Peroxone
4.5.2.2.1 TNT
With one exception, increasing solids from 10% to 20% in both the LPUV and 
peroxone systems decreased the rate coefficients more than the increase of solids from 
20% to 30% (see Table 4.16). The exception was the increase of solids from 10% to 20% 
in the peroxone system containing 250 ppm hydrogen peroxide and 2% ozone. Since this 
system contained the lowest concentration o f explosives contaminated soil, it likely was 
overdosed but when the solids loading was increased to 2 0 %, the demand for oxidizer 
increased.
The 100 ppm hydrogen peroxide 2% ozone system (peroxone) was able to treat 
30% solids more effectively than LPUV / ozone systems (see Table 4.20). However, the 
final concentration o f the 30% solids (mean concentration after slurrying was 582.3 
mg/kg, 59% reduction in TNT) and 10% solids (mean concentration after slurrying was
336.3 mg/kg, 76% reduction in TNT) systems must be considered.
4.5.2.2.2 TNB
In the peroxone systems, increasing the solids from 10% to 20% decreased the k, 
rate coefficients and increased the k2  rate coefficients in the 1 0 0  ppm hydrogen peroxide 
system as solids increased from 10% to 20% in the 1% and 2% ozone systems (see Table 
4.17). The effect of increasing solids from 20% to 30% in the 100 ppm hydrogen
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peroxide / 1 % ozone system was to decrease both the k, rate coefficients and k2  rate 
coefficients by 29%. The effects o f 30% solids / 100 ppm hydrogen peroxide / 1% ozone 
could not be determined since the system did not follow first order intermediate kinetics.
In the 250 ppm hydrogen peroxide / 1% ozone systems, the effect o f increasing solids 
from 1 0 % to 2 0 % was to decrease both the k, rate coefficients and k2  rate coefficients and 
increasing solids from 20% to 30% increased the k, rate coefficient and decreased k2  rate 
coefficient. The effect o f increasing solids from 10% to 20% and from 20% to 30% in the 
250 ppm hydrogen peroxide / 2% ozone systems was to increase the k, rate coefficients 
283% and 803%, respectively. However, the k2  rate coefficients were decreased 48% and 
57%, resepectively. Since the k2  rate coefficient is the rate-limiting step in the degradation 
o f TNB, the 250 ppm hydrogen peroxide dosage does not appear optimal for peroxone. 
However, a comparison o f 10% solids to 20% solids in the 100 ppm hydrogen peroxide / 
2% ozone system indicates that the k2  rate coefficient is increased 207% when the solids 
loading is increased from 10% to 20%. The rate coefficient for TNT is increased 2% by 
increasing solids from 1 0 % to 2 0 % in the 1 0 0  ppm hydrogen peroxide / 2 % ozone system. 
Therefore, 20% solids may be optimal for peroxone treatment of YNWS based on TNT 
and TNB results.
4.5.2.2.3 HMX
Increasing the solids loading caused all treatment efficiencies to decrease with the 
exception o f a 10% solids to 20% solids increase in the 250 ppm hydrogen peroxide / 2% 
ozone system where there was a 0% change in treatment efficiency (see Table 4.18 and
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Figures 4.28 through 4.31). The decrease in treatment efficiency ranged from 0% to 37%. 
In the 100 ppm hydrogen peroxide / 2% ozone system, the effect of increasing solids from 
1 0 % to 2 0 % was a 6%  decrease in treatment efficiency.
4.5.2.2.4 RDX
In the peroxone systems, the treatment efficiency decreased as the solids 
concentration increased with one exception; a 0 % change in rate coefficient as the solids 
concentration increased from 20% to 30% in the 100 ppm hydrogen peroxide / 2% ozone 
system (see Table 4.28 and Figures 4.28 through 4.31). The decrease in treatment 
efficiency ranged from 7% (as solids were increased from 20% to 30% in the 250 ppm 
hydrogen peroxide /  1% ozone system) to 25% (as solids were increased from 20% to 
30% in the 250 ppm hydrogen peroxide / 2% ozone system).
4.5.2.3 TNT Summary
The results o f evaluations of LPUV / ozone and peroxone are presented in 
Figure 4.40 and Table 4.16. The effect o f increasing solids concentration was to decrease 
the rate coefficients for the LPUV / 2% ozone, 100 ppm hydrogen peroxide / 1% ozone, 
and 250 ppm hydrogen peroxide / 1% ozone systems. In addition, increasing solids from 
10% to 20% decreased the rate coefficient in the LPUV / 1% ozone and increasing solids 
from 20% to 30% decreased the rate coefficient in the 250 ppm hydrogen peroxide / 2% 
ozone system. The 100 ppm hydrogen peroxide / 2% ozone systems showed small 
increases in the rate coefficients as solids were increased from 1 0 % to 2 0 % and 2 0 % to 
30%. The maximum rate coefficient increase, 25%, was in the LPUV / 1% ozone system
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when solids were increased from 20% to 30%. The maximum rate coefficient decrease 
was 30% realized in two systems when solids were increased from 10% to 20% in the 
LPUV / 1% ozone and 100 ppm hydrogen peroxide /1%  ozone systems.
The only system which did not appear to show an impact when solids were 
increased was the 1 0 0  ppm hydrogen peroxide / 2 %  ozone system which showed very 
small increases in rate coefficients o f 2 % (solids increased from 1 0 % to 2 0 %) and 8 % 
(when solids were increased from 20% to 30%).
4.5.2.4 TNB Summary
Figure 4.41 and Table 4.13 summarize the results o f LPUV / ozone and peroxone 
evaluations of TNB. The effect o f increasing the solids concentration on the k, rate 
coefficients was to decrease the rate when solids were increased in all o f  the LPUV 
systems. In the peroxone systems, increasing the solids decreased the k, rate coefficients 
in the 100 ppm hydrogen peroxide / 1% ozone system. The k, rate coefficient also 
decreased when solids were increased from 1 0 % to 2 0 % in the 1 0 0  ppm hydrogen 
peroxide / 2% ozone system and when solids were increased from 10% to 20% in the 250 
ppm hydrogen peroxide / 1% ozone system. However, increasing the solids 
concentrations in the remaining 250 ppm hydrogen peroxide evaluations increased the k, 
rate coefficients significantly. Increasing from 20% to 30% in the 250 ppm hydrogen 
peroxide / 1% ozone system increased the k, rate coefficient 70%. Increasing from 10% 
to 20% and 20% to 30% in the 250 ppm hydrogen peroxide / 2% ozone system increased 
the k, rate coefficients by 283% and 803%, respectively.
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The smallest decrease in rate coefficient caused by increasing solids concentration 
from 10% to 20% was in the LPUV / 2% ozone system, a decrease of 5% in both the k, 
rate coefficients and k2  rate coefficients. Increasing solids from 10% to 20% in the 100 
ppm hydrogen peroxide / 2% ozone system showed a 72% decrease in k, rate coefficient 
but 207% increase in k, rate coefficient (see Table 4.17). Since the conversion o f TNB 
products is a rate-limiting step, use o f 2 0 % solids benefits the 1 0 0  ppm hydrogen peroxide 
/ 2 % ozone system.
4.5.2.S HMX Summary
Table 4.18 and Figure 4.42 summarize the results of increasing solids 
concentrations on HMX concentrations. The effect of increasing solids concentration on 
the HMX degradation usually was to decrease the rate coefficients. The maximum 
decrease was 32% when solids were increased from 20% to 30% in the 250 ppm 
hydrogen peroxide /  2% ozone system (see Table 4.18). There was no change in the rate 
coefficient in the 250 ppm hydrogen peroxide / 2% ozone system when solids increased 
from 1 0 % to 2 0 %.
With the exception of the 0% decrease in the 250 ppm hydrogen peroxide / 2% 
ozone system when solids increased from 1 0 % to 2 0 %, the lowest decrease in rate 
coefficients caused by increasing solids loading was when solids were increased from 1 0 % 
to 20% in the 100 ppm hydrogen peroxide / 2% ozone system. This indicates that solids 
loading could potentially be increased to 2 0 % in this system without significantly 
adversely affecting the rate coefficient.
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4.5.2.6 RDX Summary
The results of RDX evaluations o f LPUV / ozone and peroxone are presented in 
Table 4.19 and Figure 4.43. With three exceptions, increases in solids loadings decreased 
the rate coefficients (see Table 4.19). When solids were increased from 20% to 30% in 
the LPUV / 1% ozone and from 10% to 20% in the LPUV / 2% ozone systems, there was 
a slight increase in rate coefficients. When solids were increased from 20% to 30% in the 
1 0 0  ppm hydrogen peroxide / 2 % ozone system, there was no change in rate coefficient.
4.6 Statistical Analysis
Tables 4.11 and 4.21 present the results of statistical analysis of the explosives 
degradation. Results of r  (Table 4.11), s2  (Table 4.21), and residuals will be discussed in 
the sections to follow. Other statistical results are also reported in Table 4.21.
4.6.1 TNT Results
Barnes (1994) indicates the primary measures used in multivariate regression are r  
(a high value), s2  (a low value), and the indications from the residual plots (wide horizontal 
bands are desirable). The TableCurve plots o f In (C/CG) (dependent variable) vs. time 
(independent variable) were used to determine the r2  values. The r  (multiple correlation 
coefficient squared, SSR / SST) results o f TNT using a first order model ranged from 
0.954 (30% solids /  100 ppm hydrogen peroxide /1%  ozone) to 0.999 (30% solids 
/LPUV / 2% ozone). The s2  values were relatively low, ranging from 0.076 (r2  = 0.999) 
to 45.81 (r2  = 0.954). Based upon r2  and F-ratio values, the model adequately described 
TNT degradation due to LPUV / ozone treatment and peroxone.
193
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
















TNT LPUV 1 NA 10 ttlJ2 4.21 2.05 21.05 i057.l 3036.1 3036.1 61.15 0.781
TNB 14.28 0.449 0.670 2.24 8.66 6.41 6.41 3.81 1.16
HMX 2402.27 0.0007 0.0265 0.0033 1.589 1.587 1.587 1.40} 0.0054
RDX 1828.3 0.0018 0.0424 0.009 3.32 3.31 3.31 2.02 0.0028
TNT LPUV 2 NA 10 2809.58 1.14 1.07 5.68 3196.2 3190.5 3190.5 62.44 0.045
TNB 6.10 0.267 0.517 1.07 4.32 3.25 1.63 1.90 0.15 i
HMX 52.03 0.0864 0.2939 0.4321 4.928 4.496 4.496 2.3005 0.0150
RDX 7.66 0.6368 0.798 3.184 8.06 4.877 4.877 3.1149 0.224
TNT LPUV 1 NA 20 117.12 *9.82 6.31 199.09 4862.4 4663.3 4663.3 76.06 3.49
TNB 8.23 0.393 0.627 1.57 8.04 6.4} 5 l i 3.88 2.55
HMX 824.56 0.0043 0.086 0.0215 3.568 3.541 3.441 2.088 0.0219
RDX 1361.46 0.0070 0.0837 0.0352 9.62 9.585 8.585 3.4281 0.0183
TNT LPUV 2 NA 20 1635.93 5.05 2.25 25.24 8282.8 82416 8i47.6 100.^6 0.406
TNB 15.56 0.411 0.641 1.64 14.43 12.78 6.39 3.98 0.402
HMX 168.83 0.076 0.276 0.3799 13.211 12.831 12.831 3.9167 0.0514
RDX 43.71 1.204 1.097 6.02 58.66 52.64 52.64 7.9722 0.2401
TNT LPUV 1 NA 30 908.91 5.09 2.26 25.46 4654.1 4628.6 4628.6 76.10 1.65
TNB 12.37 0.757 0.870 3.03 21.76 18.73 9.37 5.81 1.45
HMX 3212.75 0.0011 0.033 3.614 3.619 3.614 3.614 2.124 0.018
RDX 4184.36 0.0045 0.0671 0.0224 18.779 18.756 18156 4.811 0.0138
TNT LPUV 2 NA 30 4901.25 0.0760 0.2756 0.379 13.211 12.831 12.831 3.91 0.0514
TNB 1.51 1.78 1.33 7.12 12.48 5.36 2.68 2.43 9.15
HMX 67.51 0.098 0.313 0.0489 7.104 6.614 6.614 2.963 0.0641
RDX 68.69 0.0722 0.2687 0.361 49.57 49.21 49.21 8.095 0.405
TNT NA 1 100 10 343.67 7.47 2.73 37.36 2605.2 2567.9 2567.9 57.25 2.21
TNB 63.80 0.112 0.335 0.446 14.67 14.23 7.114 4.64 1.04
HMX 217.32 0.0045 0.0671 0.022 0.997 0.9747 0.9747 1.345 0.2647
RDX 235.97 0.0091 0.0954 0.0455 2.191 2.146 2.146 1.787 0.1955
TNT NA 2 100 10 1594.17 1.58 1.26 7.90 2527.6 2519.7 2519.7 55.43 0.151
TNB 70.069 0.098 0.313 0.394 14.194 13.800 6.900 6.450 0.545
HMX 252.12 0.006 0.0775 0.0283 1.458 1.43 1.43 1.361 0.0711
RDX 595.1 0.0042 0.065 0.0210 2.525 2.504 2.504 1.767 0.0354
TNT NA 1 100 20 131.36 32.48 5.70 162.42 4429.5 4267.1 4267.1 78.29 8.17
TNB 14.81 0.5504 0.742 2.20 18.501 16.30 8.15 4.84 1.32
HMX 121.32 0.0164 0.1281 0.0823 2.079 1.998 1.998 2.309 0.757
RDX 111.32 0.065 0.255 0.325 7.56 7.239 7.239 3.699 0.785
TNT NA 2 100 20 2618.66 2.17 1.47 10.87 5703.8 5692.9 5692.9 83.73 0.205
TNB 32.30 0 117 0 342 0470 8 06 7 59 3.79 7.70 0.006
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HMX 69.70 0.102 0.319 0.509 7.605 }.096 7.096 3.0001 0.185
RDX 56.91 0.4913 0.to09 2.457 30.91 28.455 48.455 6.0173 6.285}
TNT NA 1 100 30 105.70 45.81 • • • 229.07 5071.6 4842.5 4842.5 85.30 10.80
TNB 24.98 0.552 0.743 4.4T 29.80 4}.59 13.79 6.43 8.29
HMX 91.184 0.0223 0.1493 0.112 2.148 2.036 2.036 2.446 0.8*14
RDX 91.841 0.1471 0.3835 b.444 14.444 13.51 13.51 5.248 1.2657
TNT NA 2 100 30 853.43 8.36 2.89 41.81 }l}}.} }l44.9 7135.9 93.84 0.13}
TNB 32.42 0.006 0.077 0.032 0.240 0.208 0.408 0.530 0.040
HMX 165.42 0.037 0.1924 0.18} 6.385 6.198 6.198 2.895 0.219
RDX 121.59 0.3799 0.616 1.899 48.1 46.20 46.20 7.87 0.3769
TNT NA 1 250 10 712.98 3.03 1.74 15.16 2177.2 2162.0 2162.0 54.66 3.60
TNB 144.7 0.034 0.184 0.135 9.92 9.79 4.89 3.76 0.901
HMX i4 } .i i 0.0034 0.0583 0.017 0.827 0.8099 0.8099 1.390 0.396
RDX 3l}.}5 0.0066 0.0812 0.0334 2.14 4.108 2.108 1.893 0.3009
TNT NA 2 250 10 645.90 4.30 i.oi 21.il 2800.6 4779.1 2^9.1 58.46 0.714
TNB 84.14 0.06} 0.259 0.268 11.56 11.29 5.65 3.}9 0.361
HMX i4s.o} 0.0113 • • • •  • • 1.614 1.558 1.558 1.492 0.1551
RDX 485.55 0.009 0.0949 • • • 2.63 2.58 4.58 1.82 0.0816
TNT NA 1 250 to 205.79 15.88 3.98 79.49 4218.9 4139.5 4139.5 76.55 6.75
TNB 14.86 0.550 0.744 2.20 18.54 16.34 8.17 5.12 7.82
HMX 118.1 0.017 0.l404 0.08} 2.14 4.05 2.05 2.32 0.7500
RDX 190.78 0.040} 0.2017 0.2033 7.96 7.758 7.758 3.75 0.711}
TNT NA 2 250 20 1441.71 3.02 1.74 15.12 4375.5 4360.4 4360.4 74.09 0.458
TNB 137.66 0.090 0.300 0.361 25.19 44.83 12.42 5.99 0.3}2
HMX 136.86 0.0i67 0.1634 0.1333 3.781 3.648 3.648 2.195 0.1587
RDX 3i6.26 0.0307 0.1752 0.1535 10.167 10.013 10.013 3.527 0.103
TNT NA 1 250 30 501.07 7.04 2.65 35.19 3561.6 3526.4 35i6.4 72.02 6.73
TNB 6.00 0.729 0.854 2.92 11.66 8.75 4.37 4.07 6.61
HMX 249.14 0.0078 0.0883 0.388 1.974 1.935 1.935 2.436 0.8897
RDX 413.28 0.0279 0.167 0.1396 11.68 11.541 11.541 4.764 I.0G21
TNT NA 2 250 30 567.28 8.347 2.889 4I.}4 4777.0 4}35.3 4735.3 ib .il 1.67
TNB l4.86 0.504 0.710 2.oi 14.98 l}.97 6.48 6.09 1.42
HMX 158.77 o.otoo 0.1612 0.1299 4.257 4.127 4.127 2.6348 0.429
RDX 323.619 0.059 0.2429 0 2942 19.34 19.04 19.04 5.1104 0.3675
MSE -  Mean Square o f  Errors, s2, RMS -  Root Mean Square o f Errors, s, SSE -  Sum o f  Squares for Error, 
SST -  Total Sum o f  Squares, SSR -  Sum o f  Squares Due to Regression, MSR -  Mean Square o f  Regression
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4.6.2 TNB Results
In general, the r  values for TNB results were not as high as TNT, HMX, and 
RDX. The values ranged from 0.413 (30% solids / LPU V  / 2% ozone) to 0.986 (10% 
solids / 250 ppm hydrogen peroxide / 1% ozone and 20% solids / 250 ppm hydrogen 
peroxide / 2% ozone). Based upon the r  value and F-ratio for the 30% solids /  LPU V  / 
2% ozone system, there appears to be no correlation between TNB concentration 
(dependent variable) and time (independent variable) of treatment in this system. This 
system represents the only system evaluated, of TNT, TNB, HMX, and RDX, which did 
not show a correlation between explosive concentration and time of treatment and was not 
adequately explained by the model. The s2  values ranged from 0.034 (10% solids /
250 ppm hydrogen peroxide / 1% ozone) to 1.78 (30% solids / LPU V  / 2% ozone).
Three k, rate coefficients (for 20% / LPU V  / 1%, 10% / 100 / 2%, and 30% / 250 
/ 2%) for TNB are represented as estimates in Table 4.11 due to the high standard errors 
associated with those values. Assessment o f changes, i.e., order of magnitude, increases 
or decreases in the k, rate coefficient by manipulation shows very little to no change in the 
sum o f squares error. Hence, these values o f k, represent estimates and further 
investigation would likely be required prior to utilization of the kinetic rate coefficients.
4.6.3 HMX Results
The results of r  ranged from 0.933 (20% solids / 100 ppm hydrogen peroxide / 
2% ozone) to 0.981 (10% solids / 100 ppm hydrogen peroxide / 2% ozone). The s2  
values ranged from 0.0007 (10% solids / LPU V  / 1% ozone) to 0.102 (20% solids / 100
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ppm hydrogen peroxide / 2% ozone). Based upon r2  and F-ratio values, the model 
adequately described HMX degradation due to LPUV / ozone treatment and peroxone.
4.6.4 RDX Results
The range of r  values were from 0.605 (10% solids, LPUV, 2% ozone) to 0.999 
(30% solids, LPUV, 1% ozone). The range of s2  values was from 0.0018 (10% solids, 
LPUV, 1% ozone) to 0.6368 (10% solids, LPUV, 2% ozone). Based upon r2  and F-ratio 
values, the model adequately described RDX degradation due to LPUV / ozone treatment 
and peroxone.
4.6.5 Mass Balance Evaluations
Mass balance evaluations o f TNT, TNB, HMX, and RDX based on preliminary 
and optimization evaluations are presented in Table 4.22 below. The percent of each 
explosive not accounted for in the mass balance was calculated based on all of the 
preliminary and optimization evaluations and by percent solids in the slurry.
Mass balance calculations based on TNT indicate that approximately 37% of the 
TNT is not accounted. Although it is beyond the scope of this dissertation to determine 
the fate of TNT, it is possible that abiotic or biotic transformations occurred during the 24 
hour slurry phase, prior to treatment. One of the abiotic or biotic transformation products 
is potentially TNB. Mass balance evaluations of TNB indicate an increase in 
concentration over the initial concentration of approximately 158% during the slurry 
phase, prior to treatment. The results o f mass balance evaluations for HMX and RDX 
were variable, including production, i.e., negative values during the mass balance, and
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HMX and RDX which were not accounted. Based on values indicating that HMX and 
RDX was unaccounted, the results were 25% and 26%, respectively. Based on increased 
mass, i.e., above that in the original soils, the results were -29%  and -34%, for HMX and 
RDX, respectively.
Table 4.22 Results of Mass Balance Evaluations
Explosive % Solids % Mass not 
Accounted
















* Negative mass balance percentages were
also obtained, indicating mass production of 
HMX and RDX at -29% and -34% , respectively
4.7 Summary o f LPUV and Peroxone Results
Optimal treatments for LPUV and peroxone were selected based on kinetic rates. 
The results based upon the ability to treat to the analytical detection limit for TNT, TNB, 
HMX, and RDX will be discussed below.
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4.7.1 LPUV
None of the LPUV treatments resulted in all o f the explosives concentrations, i.e., 
TNT, TNB, HMX, and RDX being <0.02 mg/1 simultaneously. Table 4.23 below 
summarizes the results of the optimization evaluations. Three treatments reduced three o f 
the explosives to <0.02 mg/1; 10% solids, LPUV, 1% ozone (TNT > 0.02 mg/1), 10% 
solids, LPUV, 2% ozone (RDX > 0.02 mg/1), and 30% solids, LPUV, 2% ozone 
(TNB > 0.02 mg/1). With a few exceptions, the concentration of the explosives decreased 
as ozone concentration increased. The exceptions were: 20% solids, LPUV, 1% ozone 
(0.112 mg/l TNT, initial conc. = 71.56 mg/1) compared to (0.549 mg/1 TNT, initial conc. = 
100.0 mg/l), 30% solids, LPUV, 1% ozone (<0.02 mg/l HMX in < 50 mins., initial conc. = 
2.11 mg/l) compared to (<0.02 mg/l HMX in < 60 mins., initial conc. = 2.94 mg/l), and all 
RDX evaluations, as ozone increased, final concentrations increased for each treatment.
All initial RDX concentrations increased as ozone concentration increased, 
although there should be no correlation between ozone usage, since ozone had not been 
applied at the time initial samples were collected (see Table 4.10). For example, the 
influent concentration in the 10% solids, LPUV, 1% ozone evaluation was 2.01 mg/l and 
in the 10% solids, LPUV, 2% ozone evaluations the initial concentration was 3.19 mg/l.
All initial samples were analyzed according to the same methods. However, higher initial 
concentrations in the influent would effect the ability to reach lower treatment limits.
Based on the results of rate coefficients in the LPUV systems and maximizing 
solids loadings, the optimal treatment is 20% solids /  2% ozone. Increasing solids 
decreases the rate coefficient only slightly for TNT and TNB (k, and k2  rate coefficients),
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able 4.23 . Summary o f Optimization Evaluations





% Solids TNT, mg/l 
or mins.
TNB mg/l or 
mins.
HMX mg/l or 
mins.
RDX mg/l or 
mins.
LPUV 1 NA 10 0.053 <60 mins. <40 mins. <40 mins.
2 NA 10 <60 mins. <40 mins. <20 mins. 1.89
1 NA 20 0.112 1.97 <40 mins. <40 mins.
2 NA 20 0.549 <60 mins. <30 mins. 0.478
1 NA 30 0.026 3.12 <50 mins. <50 mins.
2 NA 30 <60 mins. 1.05 <60 mins. <60 mins.
Peroxone I 100 10 0.401 1.26 0.173 0.088
2 <50 mins. 0.398 <50 mins. <50 mins.
1 100 20 2.93 1.66 0.594 0.469
2 0.306 0.245 * <40 mins. 0.455 *
1 100 30 4.56 3.21 0.725 0.871
2 0.457 <40 mins. <50 mins. 0.479
1 250 10 1.47 0.947 0.311 0.191
2 0.194 0.280 0.032 <60 mins.
1 250 20 2.82 1.73 0.593 0.469
2 0.055 0.185 <60 mins. <60 mins.
1 250 30 4.02 2.45 0.783 0.807
2 0.222 1.46 0.235 0.114
* 40 and 50 mins. samples were <0.02 mg/l.
while doubling the volume of soil processed. Although untreated soil concentrations are 
reduced to 480 mg/kg (see Table 4.6), the soils could be reslurried to obtain further 
desorption. While this was not the optimal treatment for HMX and RDX, the TNT and 
TNB concentrations are more critical in this particular soil. Based solely on treatment 
performance, the 10% solids, LPUV, 2% ozone system appears optimal since TNT, TNB, 
and HMX were <0.02 mg/l in 60, 40, and 10 mins., respectively. Concentrations of RDX 
were <0.02 mg/l in 40 mins. and remained that concentration at the 50 mins. sample 
period but increased to 1.89 mg/l at the 60 mins. sample period ( r  = 0.605).
4.7.2 Peroxone
None o f the peroxone treatments resulted in TNT, TNB, HMX, and RDX 
concentrations <0.02 mg/l. One treatment resulted in three explosives concentrations
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<0.02 mg/l; 10% solids, 100 ppm hydrogen peroxide, 2% ozone (TNB was 0.398 mg/l). 
However, it should be noted that the 20% solids, 100 ppm hydrogen peroxide, 2% ozone 
run had TNB and RDX concentrations <0.02 mg/l in the 40 and 50 min. samples but 
concentrations were >0 . 0 2  mg/l in the 60 min. sample.
For each peroxone treatment, increasing the ozone concentration from 1% to 2% 
decreased the final concentration, i.e., the 60 min. treatment was lower at 2 % ozone than 
using 1% ozone. It should be noted that initial RDX concentrations were not as variable 
as those in the LPUV evaluations.
Based on the results of rate coefficients in the peroxone system evaluations, the 
optimal treatment based mainly on TNT ( rate coefficients) and TNB (k, rate coefficients) 
and k2  rate coefficients) is 20% solids, 100 ppm hydrogen peroxide, 2% ozone, an H 2 0 2  / 
0 3  ratio of 0.11. This was the second most effective treatment for TNT with a rate 
coefficient o f 0.100 m in 1 but the most effective treatment, 30% solids, 100 ppm hydrogen 
peroxide, 2% ozone had a rate coefficient only slightly higher, 0.109 min"1. The 20% 
solids, 1 0 0  ppm hydrogen peroxide, 2 % ozone treatment was the third most effective 
TNB k, rate coefficient (1.016 min'1) but was the most effective k2  rate coefficient 
system, 0.129 min"1, which appears to be the rate-limiting step in explosives degradation in 
YNWS soils. Although HMX and RDX were not the main contaminants of concern, the 
2 0 % solids, 1 0 0  ppm hydrogen peroxide, 2 % ozone system worked relatively well for 
degradation of HMX and RDX. This system was the second most effective for HMX, 
0.046 min"1, compared to 0.049 min" 1 utilizing 10% solids, 100 ppm hydrogen peroxide, 
and 2% ozone. This system was the fourth most effective for RDX with a rate coefficient
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o f 0.051 min*1 compared to 0.065 min*1 for 10% solids, 100 ppm hydrogen peroxide, 2%
ozone.
4.8 Oxidation Pathways
There are a number o f oxidation pathways that have been postulated by 
researchers to date (see section 2.3). Based on the results of this study, TNT oxidation to 
TNB is one potential pathway, albeit not likely a desirable one since TNB is more toxic 
than TNT. TableCurve evaluations provided estimates o f the concentration o f TNT 
undergoing this pathway and those estimates are provided in Table 4.24 below.
Based on the estimates o f the concentration o f TNT oxidized via the TNB pathway 
and the original aqueous phase TNT concentration, percentages of TNT following the 
TNB pathway were calculated. Figure 4.44 presents the estimate o f TNT oxidation via 
the proposed TNB pathway vs. treatment type. The effect of increasing ozone 
concentration on the conversion o f TNT to TNB in the LPUV systems is not clear. The 
effect was not determinable in the 10%LPUV1% ozone system because this system was 
modeled according to first order kinetics. Increasing the ozone concentration in the 20% 
solids system increased the conversion o f TNT to TNB but decreased the conversion to 
TNB in the 30% solids system. Likewise, the effect of increasing solids loading in the soil 
slurry was not determinable.
Based on the data available in this dissertation, in the peroxone evaluations, as 
ozone concentration was increased, the percentage TNT converted to TNB decreased or 
remained approximately the same (see 1 0 % 1 0 0 1 % and 1 0 % 1 0 0 2 %).
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TNT 10 LPUV NA 1% 0.073 0.99
TNB 0.020 First order 60.10 NA NA 0.61
TNT 20 LPUV NA 1% 0.051 0.96
TNB 2.356 0.007 71.56 3.95 5.5 0.81
TNT 30 LPUV NA 1% 0.064 0.99
TNB 0.189 0.009 74.90 6.78 9.1 0.86
TNT 10 LPUV NA 2% 0.12 0.99
TNB 0.087 0.087 62.23 5.17 8.3 0.74
TNT 20 LPUV NA 2% 0.092 0.99
TNB 0.083 0.083 100.0 10.82 10.8 0.88
TNT 30 LPUV NA 2% 0.091 0.99
TNB 0.013 0.012 84.62 6.94 8.2 0.41
TNT 10 NA 100 1% 0.054 0.98
TNB 0.195 0.034 55.30 6.73 12.2 0.97
TNT 20 NA 100 1% 0.038 0.96
TNB 0.059 0.059 73.12 13.14 18.0 0.88
TNT 30 NA 100 1% 0.034 0.95
TNB 0.042 0.042 78.90 17.49 22.2 0.92
TNT 10 NA 100 2% 0.098 0.99
TNB 3.609 0.042 55.04 6.80 12.4 0.97
TNT 20 NA 100 2% 0.100 0.99
TNB 1.016 0.129 83.29 10.31 12.4 0.93
TNT 30 NA 100 2% 0.109 0.99
TNB 0.054 First order 93.24 NA NA 0.90
TNT 10 NA 250 1% 0.045 0.99
TNB 0.062 0.062 53.80 10.22 19.0 0.99
TNT 20 NA 250 1% 0.041 0.98
TNB 0.050 0.049 73.20 13.77 18.8 0.89
TNT 30 NA 250 1% 0.039 0.99
TNB 0.085 0.026 69.60 6.86 9.9 0.75
TNT 10 NA 250 2% 0.073 0.99
TNB 0.066 0.111 57.40 8.09 14.1 0.98
TNT 20 NA 250 2% 0.085 0.99
TNB 0.253 0.058 72.40 9.29 12.8 0.99
TNT 30 NA 250 2% 0.064 0.99
TNB 2.284 0.025 75.10 6.40 8.5 0.87
* Concentration o f  TNT which proceeds through pathway production o f  TNB based on first order 
intermediate kinetic model o f TNB oxidation.
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% of TNT oxidation via TNB Pathway 
25 ■ i
LPUV1 % LPUV2% 1001% 1002%  2501%  2502%
Treatment
E3 10% ■  20% 0  30%
Figure 4.44 Effect of Treatment Type on Oxidation Pathway of TNT
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The effect of increasing hydrogen peroxide on the conversion o f TNT to TNB in the 
peroxone systems was not as clear. In three cases, the percent of TNT converted to TNB 
was increased by increasing hydrogen peroxide (see 10% 1001% and 10%2501%,
20% 1001 % and 20%2501 %, 10%1002% and 10%2502%). In the 20% 1002% and 
20%2502% evaluations, the percent conversion of TNT to TNB was approximately equal. 
In the 30% 1001% and 30%2501% evaluations, the effect of increasing hydrogen peroxide 
was to decrease the conversion o f TNT to TNB. The effect o f increasing hydrogen 
peroxide in the 30% solids, 2% ozone system could not be determined since the 
30% 1 0 0 2 % system was modeled according to first order kinetics.
The effect of increasing solids concentration in the soil slurry on the percent 
conversion of TNT to TNB was to increase the percent conversion o f TNT to TNB in the 
peroxone, 100 ppm hydrogen peroxide, 1% ozone system. The percent conversion was 
approximately the same in the 20% 1002% and 30% 1002% systems. However, the effect 
of increased solids loadings in the 250 ppm hydrogen peroxide, 1 % ozone and 2 % ozone 
systems was to decrease the conversion of TNT to TNB.
4.9 Endproducts Assessments of Optimal Treatments
The endproducts of the optimal treatments, 20%LPUV2% and 20%1002% for LPUV 
and peroxone, respectively, were assessed and the results are presented in Table 4.25.
The results indicate that TNT, TNB, HMX, and RDX are partially, if  not fully converted 
to saturated aliphatics, i.e., organic acids. Based on a comparison o f the LPUV and 
peroxone endproducts results, photooxidation may result in further oxidation to carbon 
dioxide and water since the results o f organic acids analysis are lower than those reported
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for the peroxone assessments. These results support that o f  research conducted by Ho 
(1986) and potential pathways o f aromatic degradation presented by the Langlais et. al 
(1991) (see Section 2.3).
Table 4.25 Results o f Endproducts Evaluations o f
Optimal Treatments for ,PUV and Peroxone





















1 0.0461 0.00238 ND ND ND 91.0 ND ND
2 0.0355 0.00262 ND ND ND 107.0 3.96 ND
3 0.0370 0.00175 ND ND ND 57.8 4.58 ND
20% 1002
%
1 0.0491 0.0394 ND ND 0.0074 117.0 5.660 9.582
2 0.0453 0.0602 0.0574 0.0126 0.0096 110.0 4.710 15.500
3 0.0419 0.123 0.0624 0.0180 0.0112 118.0 4.140 12.700
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CHAPTER 5. CONCLUSIONS
Based on evaluations of dark AOPs (peroxone, Fenton’s reagent, and sonolysis) 
and illuminated AOPs (photolysis and photolysis /  chemical oxidation) explosives- 
contaminated soils can be remediated using AOPs. The two optimal treatments based 
upon preliminary screening were LPUV, in combination with ozone, and peroxone (a 
combination o f hydrogen peroxide and ozone).
Fenton’s reagent was relatively effective at degradation o f TNT to TNB (k, rate 
coefficient for TNB), but TNB remained in solution (k 2  rate coefficient for TNB). 
Piezoelectric ultrasonic systems in combination with ozone were highly effective at 
removal o f TNT, TNB, HMX, and RDX but this system represents a relatively energy 
intensive system that would be expensive to operate. Photolysis o f the raw soils (without 
water addition / slurrying) did not result in significant degradation of all o f the explosives. 
Although the MPUV system with 100 ppm hydrogen peroxide seemed promising, the 
results were not duplicated in subsequent evaluations. Photolysis / Chemical Oxidation 
(LPUV / ozone, an illuminated AOP) and peroxone (a dark AOP) were selected as the 
optimal treatment techniques.
There were variable effects realized when increasing solids concentrations and / 
or oxidizer concentrations. In general, the effect o f increasing ozone from 1% to 2% on 
TNT concentrations for both the LPUV and peroxone systems is an increase in the first 
order rate coefficient, sometimes doubling the rate coefficients. However, in the LPUV 
systems, increasing the ozone concentration decreased all o f  the rate coefficients for HMX
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and RDX. In the LPUV systems, 1% ozone was more effective during the conversion of 
that portion o f TNT which was converted to TNB (k, rate coefficient) but 2%  ozone more 
effectively degraded TNB to products (k 2  rate coefficient). However, it should be noted 
that the (3) systems with relatively higher k, rate coefficients, 1% LPUV 20% (k, rate 
coefficient was 2.356 min “’), 2% 100 10% (k, rate coefficient was 3609 min -1), and 2% 
250 30% (k, rate coefficient was 2.285 min~l) had significantly higher standard error 
values. Hence, the reported k, rate coefficient represent estimates. Increasing the ozone 
concentration increased all o f the TNT degradation rates for peroxone and LPUV / ozone 
treatments. Increasing the ozone concentration increased all TNB k t rate coefficients and 
k2  rate coefficients and HMX and RDX rate coefficients with the following exceptions:
•  TNB - 20% solids / LPUV (96% decrease in k,, however 1086% increase in
k j ,
•  TNB - 30% solids / LPUV (93% decrease in k„ however 44% increase in k2),
•  TNB — 30% solids / 250 ppm hydrogen peroxide (4% decrease in k2, however 
2587% increase in k,),
•  HMX -  10% solids /  LPUV, (10% decrease),
•  HMX -  20% solids /  LPUV, (5% decrease),
•  HMX -  30% solids /  LPUV, (4% decrease),
•  RDX -  10% solids / LPUV, (60% decrease),
•  RDX -  20% solids / LPUV, (33% decrease), and
•  RDX -  30% solids / LPUV, (49% decrease).
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The effect of increasing the hydrogen peroxide concentration (peroxone systems 
only) from 100 ppm to 250 ppm was variable. Increasing hydrogen peroxide increased 
degradation rates in the following systems:
•  TNT - 10% solids / 2% ozone (8 % increase),
•  TNT - 20% solids / 2% ozone (15% increase),
•  TNB - 10% solids /1%  ozone (82% increase in k2),
•  TNB - 20% solids / 1% ozone (20% increase in k2),
•  TNB - 30% solids / 1% ozone (102% increase in k,),
•  TNB - 10% solids / 2% ozone (164% increase in k2),
•  RDX -  20% solids / 1% ozone ( 8 % increase),
•  RDX -  30% solids / 1% ozone (8 % increase), and
•  RDX -  20% solids / 2% ozone (16% increase).
Increasing the hydrogen peroxide concentration did not increase any of the HMX 
rate coefficients. The greatest increase in rate coefficients by increasing hydrogen 
peroxide was in the TNB systems (see above).
The effect o f increasing solids loading was generally a decrease in the rate 
coefficient or a relatively small increase in rate coefficient. Increasing the solids 
concentration decreased the rate coefficient in all o f  the HMX assessments, with the 
exception o f the 250 ppm hydrogen peroxide / 2% ozone system which showed no change 
when solids were increased from 10% to 20%. The most impact o f increasing solids 
concentration was realized in TNB treatment. The k, rate coefficient was decreased 92% 
when solids loading was increased from 20% to 30% in the LPUV / 1% ozone system.
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However, the k2  rate coefficient in that same system was increased 29% when solids were 
increased from 20% to 30%. The largest increase in k2  rate coefficient (207%) was 
realized when solids were increased from 1 0 % to 2 0 % in the 1 0 0  ppm hydrogen peroxide 
/ 2% ozone system. This is important to note since the rate-limiting step in the 
remediation of YNWS soils is likely during the conversion o f TNB to products. The 
increase in k2  rate coefficient as solids increased from 1 0 % to 2 0 % was in the 1 0 0  ppm 
hydrogen peroxide / 2 % ozone system and was accompanied by a decrease in k, rate 
coefficient o f 72%. The only increases in k, rate coefficients for TNB treatment were 
when 250 ppm hydrogen peroxide was used. However, k2  rate coefficients were 
decreased when solids increased in these systems. The effect of increasing solids loadings 
on TNT degradation ranged from a 25% increase (LPUV / 1% ozone, increasing solids 
from 20% to 30%) in degradation to a 30% decrease (LPUV / 1% ozone, increasing 
solids from 1 0 % to 2 0 % and 1 0 0  ppm hydrogen peroxide / 1 % ozone, increasing solids 
from 1 0 % to 2 0 %) in degradation rate coefficients.
In the peroxone systems, the optimal H 2 0 2  / 0 3  ratio was less than 0.5 for TNT, 
TNB, HMX, and RDX. The optimal H2 0 2  /  0 3  ratio range for TNT was 0.11 to 0.18 
while the range for TNB (based on k, rate coefficients and k2  rate coefficients), HMX, and 
RDX was 0.11 to 0.38 based on the top three rate coefficients for each. However, 
increasing the H 2 0 2  / 0 3  to approximately 0.38 might not be beneficial. It should be noted 
that a H2 0 2  / 0 3  o f 0.37 in the 20% solids, 100 ppm hydrogen peroxide / 1% ozone system 
was not relatively effective for TNT, TNB (k, rate coefficient), HMX, or RDX treatment.
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This is possibly because insufficient hydrogen peroxide and ozone were added to the 
system although the H2 0 2  /  0 3  ratio was in the approximate optimal range.
Mass balance evaluations o f the explosives prior to AOP treatment indicate 
unaccounted TNT, HMX, and RDX. However, the mass o f TNB appeared to be 
increasing, indicating formation o f TNB prior to application o f the AOPs. It is possible, if 
not likely, that abiotic or biotic transformations occurred during the 24-hour dissolution of 
the explosives prior to application o f the AOPs.
Evaluation o f the pathways associated with oxidation of the explosives indicate 
that TNB intermediate formation is just one o f the many probable pathways. Model 
predictions o f the percentage o f TNT proceeding through the TNB pathway indicate 5.5% 
to 22.2%. There are numerous other pathways including, but not limited to, formation of 
quinoids and other unsaturated aliphatics. Ultimately, the desired products are carbon 
dioxide, water, and nitrates.
Based on the results of rate coefficients in the LPUV systems and maximizing 
solids loadings, the optimal treatment is 20% solids / 2% ozone. Increasing solids 
decreases the rate coefficient only slightly for TNT and TNB (k, and k2  rate coefficients), 
while doubling the volume of soil processed.
Based on final concentrations, it might appear that the 10% solids, LPUV, 1% 
ozone treatment ( rate coefficient = 0.073 min'1) was optimal since TNT was the only 
explosive present at a concentration > 0.02 mg/1. However, it should be noted that initial 
TNT concentrations were much higher in the 20% solids, LPUV, 2% ozone system (rate 
coefficient = 0.092 min'1).
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Based on the results of rate coefficients in the peroxone system evaluations, the 
optimal treatment based mainly on TNT ( rate coefficients) and TNB (k, rate coefficients) 
and k2 rate coefficients) is 20% solids, 100 ppm hydrogen peroxide, 2% ozone, an H20 2 / 
0 3 ratio of 0.11.
In the peroxone evaluations, none of the systems treated all o f the explosives to 
<0.02 mg/1. Two systems indicated concentrations o f TNB were reduced to <0.02 mg/1 in 
40 mins., 20% and 30% solids in combination with 100 ppm hydrogen peroxide and 2% 
ozone. However, in the case of 20% solids, 100 ppm hydrogen peroxide, and 2% ozone, 
the concentration o f TNB increased from 0.02 mg/1 at the 40 and 50 mins. sample to
0.245 mg/1 at the 60 mins. sample. The 10% solids, 100 ppm hydrogen peroxide, 2% 
ozone treatment reduced TNT, HMX, and RDX concentrations to <0.02 mg/1 in 50 mins. 
but concentrations of TNB were 0.398 mg/1 at the end o f  60 mins.
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CHAPTER 6. RECOMMENDATIONS
Although it is beyond the scope o f this dissertation, oxidation products o f TNT, 
TNB, HMX, and RDX should be further investigated. The potential pathways for 
oxidation o f any one o f these compounds are numerous. Further identification o f 
pathways would be vital research in the determination of technology applicability.
Potential enhancements for the desorption o f the explosives would also be 
beneficial. Identification of effective enhancements would potentially decrease handling 
and increase process kinetics due to increased utilization of hydroxyl radicals.
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APPENDIX A: RESULTS OF X-RAY DIFFRACTION ANALYSIS
OF YNWS SOILS
CEWES-SC-E 16 January 1998
MEMORANDUM FOR Ms. Beth Fleming (CEWES-EE-R)
SUBJECT: Mineral Identification o f Four Soils from Yorktown Naval Weapons Station, 
Newport News, Virginia by X-ray Diffraction (XRD) Analysis
In support of the Engineering Application Branch of the Environmental 
Laboratory (CEWES-EE-A), the Engineering Sciences Branch (CEWES-SC-E) of the 
Structures Laboratory determined the bulk mineralogy, and the clay minerals present in 4 
soils by X-ray diffraction (XRD) analysis. The investigators are interested in 
characterization of the material based on mineralogy.
Samples
Four soils were received from Ms. Beth Fleming on or about June 10, 1997. Table 
1 lists the samples, with the appropriate EL I.D., and CMD Check-in No.
Table 1. Soil Samples
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Procedure
In preparation for X-ray diffraction o f the bulk samples, a portion of each sample 
was ground in a mortar and pestle to pass a 45 mm (No. 325) mesh sieve. For subsequent 
analysis o f the clay-size fraction, a slurry o f the powder with water was made, suspended 
on a substrate, and allowed to dry overnight. An X-ray diffraction pattern was collected 
on these resultant oriented samples. These samples were then placed in an ethylene glycol 
atmosphere overnight at room temperature, and a X-ray diffraction pattern was collected 
for each sample.
Results and Discussion
Bulk sample random powder mounts were analyzed using X-ray diffraction to 
determine the mineral constituents present in each sample (Figure 1). All samples had 
similar mineralogies which included mostly quartz, Na- and K-feldspar, and calcite.
Quartz was the predominant mineral in all the samples. Na and K-feldspar were also 
common constituents in each sample. Calcite was a minor constituent in the samples. It is 
apparent from the bulk patterns that these samples had a small, but finite amount of 
phyllosilicates present.
To determine the type of phyllosilicate present, oriented samples of the <1 Fm size 
fraction o f each sample were prepared and XRD patterns were obtained (Figures 2). The 
XRD patterns are shown in offset plots for each locality for both the air-dried and after 
exposure to an ethylene glycol atmosphere. Other phases which were present in minor or 
trace amounts in all samples but are in greater concentration in the finer fractions include 
kaolinite, illite or mica, chlorite, a hydroxy-interlayered smectite, and/or smectite. To
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determine if there was any expandable component in these fractions, each oriented sample 
was exposed to an ethylene glycol atmosphere. Smectite, if present, in the sample will 
expand to 1.7 nm (17 D). Chlorites and hydroxy-interlayered smectites will not expand 
upon exposure to this compound. These data indicate that there is a small amount of 
expandable clays present in each of these samples. Table 2 lists representative chemical 
compositions for the minerals found in these samples. The stoichiometries o f  the minerals 
present in these samples will probably vary from these values.
Table 2. Idealized Phase Compositions for Minerals
Quartz S i0 2
Na Feldspar (Albite) NaogCao | A 1 Si3Og
K-Feldspar (Microcline) KalSijOg
Calcite CaC0 3
Kaolinite A l 4 Si4 O I0 (OH)g
Illite / Mica K2  A 14(S i6  A 1 JOioCOH),
Chlorite [R2 *,R3 +)6 (Si,A 1 )8 O 2 0 (OH)4] {R2 *,R3 *)6 (OH)i2]
Hydroxy-Interlayered Smectite Variable Composition
Smectite Variable Composition
Conclusions
Although all the samples examined in this study had clay minerals, the amount was 
minor, and the proportion of expandable clays was even less.
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All samples examined in this study were extremely similar. Furthermore, all 
samples were dominated by the amount o f quartz found in the soils.
Charles A. Weiss, Jr., PhD 
Engineering Sciences Branch (SC-E) 
Concrete & Materials Division
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Figure 1. X-ray diffraction patterns for four bulk soils from Yorktown Naval Weapons Station, Newport 
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Figure 2. X-ray diffraction patterns for <1 micrometer soils (for air-dried and after exposure to ethylene 
glycol) from Yorktown Naval Weapons Station, Newport News, VA. Note that all peaks are given in 
angstroms.
APPENDIX B: TABLECURVE GRAPHS OF TNT, TNB, HMX, 
AND RDX OPTIM IZATIONS EVALUATIONS
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Actual TNT, 1%  Ozone, LPUV, 10% Solids 
Rank 3 Eqn 8098 [D ecay 1_] y=aexp(-bx) 



























Rank 3 Eqn 8098 [Decay 1 _] y=aexp(-bx)
rA2 CoefDet 
0.9931159996
DF Adj rA2 
0.9896739994




Parm Value Std Error t-value 95% Confidence Limits
a 61.15487630 1.995350615 30.64868692 56.00668051 66.30307209
b 0.072676224 0.004665276 15.57811867 0.060639364 0.084713083
Area Xmin-Xmax Area Precision
toU>U>
830.72372911 1.546087e-13
Function min X-Value Function max X-Value
0.7810127381 60.000000000 61.154876301 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
.4.444486089 6.000004e-05 -0.056761056 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0041251792 60.000000000 0.3230070571 0.0001200094
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA 2  CoefDet DF Adj rA2 Fit Std E
0.9931159996 0.9896739994 2.0515869630
Source Sum of Squares DF Mean Square F Statistic
Regr 3036.0503 1 3036.0503 721.322
Error 21.045045 5 4.2090091
Total 3057.0953 6
P>|t|
0 . 0 0 0 0 0
0.00002
P>F
0 . 0 0 0 0 0

















Numeric Summary Continued 


























Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weights
1 0.0000000 60.100000 61.154876 -1.054876 -1.755202 56.006681 66.303072 53.770917 68.538835 1
2 10.000000 32.900000 29.566660 3.3333403 10.131733 26.228946 32.904373 23.308924 35.824396 1
3 20.000000 13.200000 14.294647 -1.094647 -8.292780 11.183214 17.406080 8.1546188 20.434675 1
4 30.000000 5.5600000 6.9110591 -1.351059 -24.29962 4.6086391 9.2134791 1.1387054 12.683413 1
5 40.000000 1.3600000 3.3413023 -1.981302 -145.6840 1.8337215 4.8488832 -2.162490 8.8450946 1
6  50.000000 0.4570000 1.6154255 -1.158426 -253.4848 0.6942885 2.5365625 -3.757416 6.9882667 1







Actual TNT, 1% Ozone, LPUV, 20% Solids 
Rank 3 Eqn 8098 [Decay 1_] y=acxp(-bx) 

























Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
1^2 CoefDet 
0.9590559825
DF Adj rA2 
0.9385839737







Std Error t-value 95% Confidence Limits 
5.913396005 12.86156779 60.79841525 91.31267194 
0.007293559 7.042776585 0.032548826 0.070184988




Function min X-Value Function max X-Value
3.4884220534 60.000000000 76.055543596 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-3.906725981 6.000004e-05 -0.179189451 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0092044079 60.000000000 0.2006758113 0.0001200191
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA2 CoefDet DF Adj rA2 Fit Std E
0.9590559825 0.9385839737 6.3100812516
Source Sum of Squares DF Mean Square F Statistic
Regr 4663.3006 1 4663.3006 117.118
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File Source
c:\tcwin3\tnt\tntact 1 %lpuv20%. pm
Data Summary 
Rank 3 Eqn 8098 








[Decay 1J  y=aexp(-bx)
Y Value Y Predict Residual Residual% 
71.560000 76.055544 -4.495544 -6.282202 
53.580000 45.503755 8.0762454 15.073246 
32.060000 27.224731 4.8352694 15.081938 
13.050000 16.288457 -3.238457 -24.81576 
3.4200000 9.7453246 -6.325325 -184.9510 
0.5040000 5.8305922 -5.326592 -1056.864 
0.1120000 3.4884221 -3.376422 -3014.663






















Actual TNT, 1% Ozone, LPUV, 30% SoUds 
Rank 3 Eqn 8098 [D ecay 1_J y=aexp(-bx)

























Rank 3 Eqn8098 [Decay 1 _] y=aexp(-bx)
rA2 CoefDet 
0.9945289947
DF Adj rA2 
0.9917934921
















95% Confidence Limits 
70.49930778 81.69143364 
0.054907094 0.072753758
Area Xmin-Xmax Area Precision
N>u>VO
1166.2632739 2.206589e-14
Function min X-Value Function max X-Value
1.6522894810 60.000000000 76.095370710 1.131912e-l0
1st Deriv min X-Value 1st Deriv max X-Value
-4.857181303 6.000004e-05 -0.105466341 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0 0067319615 60.000000000 0.3100347626 0.0001200206
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA2 CoefDet DF Adj rA2 Fit Std E
0.9945289947 0.9917934921 2.2566549929
Source Sum of Squares DF Mean Square F Statistic
Regr 4628.6107 1 4628.6107 908.909
Error 25.462459 5 5.0924918
Total 4654.0732 6
P>|t|























Numeric Summary Continued 

























Rank 3 Eqn8098 








[Decay 1J  y=aexp(-bx)
Y Value Y Predict Residual Residual%
74.900000 76.095371 -1.195371 -1.595956
42.900000 40.192611 2.7073889 6.3109299 
22.000000 21.229228 0.7707719 3.5035085 
10.500000 11.213009 -0.713009 -6.790566 
3.1800000 5.9225696 -2.742570 -86.24433 
0.7970000 3.1282262 -2.331226 -292.5002 
0.0260000 1.6522895 -1.626289 -6254.960






















Actual TNT, 2% Ozone, LPUV, 10% Solids 
Rank 2 Eqn 8098 [Decay 1 _J y=aexp(-bx)











Tim e (m ins.)
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Rank 2 Eqn 8098 [Decay 1_] y=aexp(-bx)
Is)-uto
rA2 CoefDet DF Adj rA2 Fit Std Err F-val
0.9982235382 0.9973353073 1.0656371615 2809.5834944
Parm Value Std Error t-value 95% Confidence Limits
a 62.43965598 1.061326675 58.83170325 59.70133146 65.17798051
b 0.120475010 0.004943471 24.37053047 0.107720381 0.133229638
Area Xmin-Xmax Area Precision
517.90283746 2.199925e-10
Function min X-Value Function max X-Value
0.0453067168 60.000000000 62.439655983 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-7.522363773 6.000004e-05 -0.005458327 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0006575920 60.000000000 0.9062502964 0.0001200070
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA2 CoefDet DF Adj rA2 Fit Std E
0.9982235382 0.9973353073 1.0656371615
Source Sum of Squares DF Mean Square F Statistic
Regr 3190.514 1 3190.514 2809.58
Error 5.6779128 5 1.1355826
Total 3196.1919 6
p>ltl





















Numeric Summary Continued 









Jan 21, 2000 5:05:25 PM
•UU>
Data Summary
Rank 2 Eqn 8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0.0000000 62.230000 62.439656 -0.209656 -0.336905 59.701331 65.177981
2 10.000000 20.020000 18.717342 1.3026577 6.5067816 16.426550 21.008135
3 20.000000 3.9100000 5.6108397 -1.700840 -43.49974 4.2299481 6.9917314
4 30.000000 0.6830000 1.6819441 -0.998944 -146.2583 1.0555497 2.3083384
5 40.000000 0.3330000 0.5041912 -0.171191 -51.40876 0.2524171 0.7559653
6 50.000000 0.2790000 0.1511398 0.1278602 45.828020 0.0564434 0.2458362





























Actual TNT, 2% Ozone, LPUV, 20% Solids 
Rank 2 Eqn 8098 [Decay 1_1 y=aexp(-bx)









Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Numeric Summary
Rank 2 Eqn 8098 [Decay 1J  y=aexp(-bx)
rA2 CoefDet 
0.9969529499
DF Adj rA2 
0.9954294248




Parm Value Std Error t-value 95% Confidence Limits
a 100.7639827 2.218134849 45.42734756 95.04098227 106.4869832
b 0.091914297 0.004311847 21.31668901 0.080789319 0.103039275
Area Xmin-Xmax Area Precision
1091.8677441 4.848976e-12
Function min X-Value Function max X-Value
0.4057261443 60.000000000 100.76398273 1.131912e-10
1st Deriv min X-Value 1 st Deriv max X-Value
-9.261599602 6.000004e-05 -0.037292034 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0034276711 60.000000000 0.8512687271 0.0001200003
Procedure Minimization Iterations
LevMarqdt Least Squares 13
rA2 CoefDet DF Adj rA2 Fit Std E
0.9969529499 0.9954294248 2.2466890985
Source Sum of Squares DF Mean Square F Statistic
Regr 8257.5465 1 8257.5465 1635.93
Error 25.23806 5 5.0476119
Total 8282.7845 6
P>|t|
0 . 0 0 0 0 0
0 . 0 0 0 0 0
P>F
0.00000

















Numeric Summary Continued 





























Rank 2 Eqn8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0.0000000 100.00000 100.76398 -0.763983 -0.763983 95.040982 106.48698
2 10.000000 43.310000 40.190796 3.1192044 7.2020421 35.990946 44.390645
3 20.000000 14.550000 16.030530 -1.480530 -10.17546 12.692221 19.368839
4 30.000000 3.1400000 6.3939489 -3.253949 -103.6289 4.3662821 8.4216156
5 40.000000 1.1100000 2.5502951 -1.440295 -129.7563 1.4607491 3.6398411
6  50.000000 0.7940000 1.0172126 -0.223213 -28.11241 0.4701583 1.5642668
7 60.000000 0.5490000 0.4057261 0.1432739 26.097241 0.1425712 0.6688811














Actual TNT, 2% Ozone, LPUV, 30% Solids 
Rank 2 Eqn 8098 [Decay 1_J y=aexp(-bx)









Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Numeric Summary
Rank 2 Eqn 8098 [Decay 1J  y=aexp(-bx)
1^2 CoefDet DFAdjrA2 Fit Std Err F-val
0.9989808909 0.9984713363 1.0915389872 4901.2459120
Parm Value Std Error t-value 95% Confidence Limits
a 84.95948260 1.077336939 78.86064193 82.17985006 87.73911514
b 0.091329151 0.002461885 37.09724757 0.084977252 0.097681050




1st Deriv min X-Value
-7.759234883 6.000004e-05




rA2 CoefDet DF Adj rA2
0.9989808909 0.9984713363






1st Deriv max X-Value
-0.032359105 60.000000000










0 . 0 0 0 0 0
0 . 0 0 0 0 0
P>F
0.00000

















Numeric Summary Continued 









Jan 21, 2000 5:08:28 PMs> a
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Data Summary
Rank 2 Eqn 8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0 . 0 0 0 0 0 0 0 84.620000 84.959483 -0.339483 -0.401185 82.179850 87.739115
2 1 0 . 0 0 0 0 0 0 35.330000 34.085871 1.2441290 3.5214519 32.052913 36.118829
3 2 0 . 0 0 0 0 0 0 13.570000 13.675302 -0.105302 -0.775993 12.050684 15.299920
4 30.000000 3.7700000 5.4865516 -1.716552 -45.53187 4.4938233 6.4792800
5 40.000000 1 . 1 2 0 0 0 0 0 2.2012127 -1.081213 -96.53685 1.6645794 2.7378460
6 50.000000 0.6470000 0.8831298 -0.236130 -36.49611 0.6120829 1.1541767





























Actual TNT, \%  Ozone, lOOppm, 10% Solids 
Rank 3 Eqn 8098 [Decay! J  y=acxp(-bx)







0 20 40 60
Time (mins.)
250


















Rank 3 Eqn8098 [Decay 1 _] y=aexp(-bx)
rA2 CoefDet 
0.9856597664
DF Adj rA2 
0.9784896497
















95% Confidence Limits 
50.59175758 63.90196333 
0.042634227 0.065844595




Function min X-Value Function max X-Value
2.2100345175 60.000000000 57.246860450 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-3.105025895 6.000004e-05 -0.119870971 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Vatue
0.0065017309 60.000000000 0.1684142284 0.0001200016
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA2 CoefDet DF Adj rA2 Fit Std E
0.9856597664 0.9784896497 2.7334769299
Source Sum of Squares DF Mean Square F Statistic
Regr 2567.8617 1 2567.8617 343.669
Error 37.359481 5 7.4718961
Total 2605.2212 6
P>|t|





















Numeric Summary Continued 


























c:\tcwin3\tnt\tntact 1 % 1 OOppm 10%. pm
Data Summary 
Rank 3 Eqn 8098 
XY * X Value 







[Decay 1J  y=aexp(-bx)
Y Value Y Predict Residual Residual%
55.300000 57.246860 -1.946860 -3.520543
37.300000 33.280735 4.0192654 10.775510 
20.600000 19.347913 1.2520866 6.0780903 
9.4600000 11.248001 -1.788001 -18.90065 
4.3600000 6.5390792 -2.179079 -49.97888 
1.6500000 3.8015248 -2.151525 -130.3954 
0.4010000 2.2100345 -1.809035 -451.1308






















C \TCWIN3VtntAct 1% 100ppm20%.PRN 
Rank 3 Eqn 8098 [Decay 1_] y=acxp(*bx)








Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Numeric Summary
Rank 3 Eqn 8098 [Decay 1_] y=aexp(-bx)
rA2 CoefDet DF Adj rA2 Fit Std Err F-val
0.9633315931 0.9449973897 5.6995183997 131.35716491
Parm Value Std Error t-value 95% Confidence Limits P>|t|
a 78.28711239 5.108903118 15,32366353 65.10565279 91.46857200 0.00002
b 0.037670795 0.004445035 8.474803516 0.026202180 0.049139411 0.00038
Area Xmin-Xmax Area Precision
1861.3845860 6.441661e-18
Function min X-Value Function max X-Value
8.1672747031 60.000000000 78.287112393 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-2.949131119 6.000004e-05 -0.307667733 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0115900884 60.000000000 0.1110958644 0.0001200397
Procedure Minimization Iterations
LevMarqdt Least Squares 8
rA 2  CoefDet DF Adj rA2 Fit Std E
0.9633315931 0.9449973897 5.6995183997
Source Sum of Squares DF Mean Square F Statistic
Regr 4267.0731 1 4267.0731 131.357
Error 162.42255 5 32.48451
Total 4429.4957 6


















Numeric Summary Continued 























c:\tcwin3\tnt\tntact 1 % 100ppm20%. pm
Data Summary 
Rank 3 Eqn8098 








[Decay 1J  y=aexp(-bx)
Y Value Y Predict Residual Residual% 
73.120000 78.287112 -5.167112 -7.066620 
60.320000 53.714074 6.6059265 10.951470 
42.400000 36.854108 5.5458920 13.079934 
25.500000 25.286209 0.2137913 0.8383971 
13.690000 17.349283 -3.659283 -26.72961 
7.3800000 11.903628 -4.523628 -61.29577 
2.9300000 8.1672747 -5.237275 -178.7466






















Actual TNT, 1% Ozone, lOOppm, 30% Solids 
Rank 3 Eqn 8098 [D ecaylJ y=aexp(-bx)
































Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
rA2CoefDet DF Adj rA2 Fit Std Err F-val
0.9548322693 0.9322484040 6.7686204362 105.69849922
Parm Value Std Error t-value 95% Confidence Limits P>|t|
a 85.30207500 5.984285093 14.25434679 69.86204601 100.7421040 0.00003
b 0.034439827 0.004409307 7.810711818 0.023063392 0.045816262 0.00055
Area Xmin-Xmax Area Precision
2163.1709530 1.437068e-18
Function min X-Value Function max X-Value
10.802840818 60.000000000 85.302074996 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-2.937782666 6.000004e-05 -0.372047973 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0128132680 60.000000000 0.1011765194 0.0001200646
Procedure Minimization Iterations
LevMarqdt Least Squares 8
i^2 Coef Det DF Adj rA2 Fit Std E
0.9548322693 0.9322484040 6.7686204362
Source Sum of Squares DF Mean Square F Statistic
Regr 4842.4946 1 4842.4946 105.698
Error 229.07111 5 45.814223
Total 5071.5657 6

















Numeric Summary Continued 









Jan 21, 2000 4:42:24 PMN)<y» oo
Data Summary
Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0 . 0 0 0 0 0 0 0 78.900000 85.302075 -6.402075 -8.114163 69.862046 100.74210
2 1 0 , 0 0 0 0 0 0 67,900000 60.449029 7,4509715 10.973448 51.675658 69.222399
3 2 0 . 0 0 0 0 0 0 49.300000 42.837001 6.4629992 13.109532 34.794194 50.879807
4 30.000000 31.940000 30.356297 1.5837035 4.9583704 22.025004 38.687589
5 40.000000 18.480000 21.511887 -3.031887 -16.40632 13.426192 29.597583
6 50.000000 8.9100000 15.244327 -6.334327 -71.09233 7.8839873 22.604666














c:\tcwin3\tnt\tntact 1 % 100ppm30%. pm














Actual TNT, 2% Ozone, lOOppm, 10% Solids 
Rank 3 EqnS098 [Decay 1_] y=acxp(-bx)






























Rank 3 Eqn 8098 [Decay 1_] y=aexp(-bx)
rA2 Coef Det 
0.9968733872
DF Adj rA2 
0.9953100808







Std Error t-value 95% Confidence Limits 
1.244918857 44.52564070 52.21879980 58.64281969 
0.004846356 20.31693877 0.085959052 0.110967177
Area Xmin-Xmax Area Precision
OsO
561.42991192 1.301966e-l 1
Function min X-Value Function max X-Value
0.1506717990 60.000000000 55.430809745 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-5.457857947 6.000004e-05 -0.014835615 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0014607608 60.000000000 0.5373945196 0.0001200156
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA 2  Coef Det DF Adj rA2 Fit Std E
0.9968733872 0.9953100808 1.2572080433
Source Sum of Squares DF Mean Square F Statistic
Regr 2519.708 1 2519.708 1594.17
Error 7.9028603 5 1.5805721
Total 2527.6108 6
P>|t|
0 . 0 0 0 0 0
0 . 0 0 0 0 1
P>F
0 . 0 0 0 0 0

















Numeric Summary Continued 




Y Variable: Cone. (mg/L) 









































[Decay 1J  y=aexp(-bx)
Y Value Y Predict Residual Residual% 
55.040000 55.430810 -0.390810 -0.710047 
22.520000 20.707675 1.8123246 8.0476227 
6.2600000 7.7359112 -1.475911 -23.57686 
1.7500000 2.8899584 -1.139958 -65.14048 
0.1720000 1.0796220 -0.907622 -527.6872 
0.0200000 0.4033219 -0.383322 -1916.610 
0.0200000 0.1506718 -0.130672 -653.3590






















Actual TNT, 2% Ozone, 1 OOppm, 20% Solids 
Rank 2 Eqn 8098 [Decay 1_] y=aexp(-bx)






























Rank 2 Eqn8098 [Decay 1 _] y=aexp(-bx)
rA2 Coef Det 
0.9980942637
DF Adj rA2 
0.9971413956
















95% Confidence Limits 
79.95784877 87.49686092 
0.090231313 0.110149772
Area Xmin-Xmax Area Precision
ONUi
833.63332149 1.6681 lle - 1 1
Function min X-Value Function max X-Value
0.2051801712 60.000000000 83.727354844 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-8.388638671 6.000004e-05 -0.020557113 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0020596283 60.000000000 0.8404572052 0.0001200256
Procedure Minimization Iterations
LevMarqdt Least Squares 6
rA 2  Coef Det DF Adj rA2 Fit Std E
0.9980942637 0.9971413956 1.4744428179
Source Sum of Squares DF Mean Square F Statistic
Regr 5692.9141 1 5692.9141 2618.66
Error 10.869908 5 2.1739816
Total 5703.784 6
P>|t|
0 . 0 0 0 0 0
0 . 0 0 0 0 0
P>F
0.00000
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2
Data Summary 
Rank 2 Eqn 8098 
XY * X Value
[Decay 1_J y=aexp(-bx) 
Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0 . 0 0 0 0 0 0 0 83.290000 83.727355 -0.437355 -0.525099 79.957849 87.496861
2 1 0 . 0 0 0 0 0 0 32.860000 30.742938 2.1170617 6.4426710 27.850092 33.635784
3 2 0 . 0 0 0 0 0 0 9.4000000 11.288166 -1.888166 -20.08687 9.1607381 13.415593
4 30.000000 2.6600000 4.1447790 -1.484779 -55.81876 2.9577417 5.3318163
5 40.000000 0.8810000 1.5218764 -0.640876 -72.74420 0.9356864 2.1080664
6 50.000000 0.4810000 0.5588013 -0.077801 -16.17490 0.2881793 0.8294232





























Actual TNT, 2% Ozone, lOOppm, 30% Solids 
Rank 3 Eqn 8098 [Decay I_j y=aexp(-bx) 
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Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.9941754116
DF Adj rA2 
0.9912631175
















95% Confidence Limits 
86.41440196 101.2417715 
0.089560615 0.129310777
Area Xmin-Xmax Area Precision
N>o\On
856.17448210 5.799299e-l 1
Function min X-Value Function max X-Value
0.1320364163 60.000000000 93.828086712 1.131912e-10
1st Deriv min X-Value 1 st Deriv max X-Value
-10.26807455 6.000004e-05 -0.014449497 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0015812908 60.000000000 1.1236865055 0.0001200094
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA2 Coef Det DF Adj rA2 Fit Std E
0.9941754116 0.9912631175 2.8916199578
Source Sum  o f  Squares DF M ean Square F Statistic
Regr 7135.9239 1 7135.9239 853.43
Error 41.80733 5 8.361466
Total 7177.7312 6
P>|t|
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Jan 21, 2000 4:57:09 PM
K)On
Data Summry
Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0.0000000 93.240000 93.828087 -0.588087 -0.630724 86.414402 101.24177
2 10.000000 34.950000 31.409402 3.5405977 10.130466 25.468572 37.350232
3 20.000000 5.1700000 10.514448 -5.344448 -103.3742 6.5202052 14.508691
4 30.000000 3.4500000 3.5197620 -0.069762 -2.022086 1.4921565 5.5473675
5 40.000000 1.3300000 1.1782572 0.1517428 11.409232 0.2668072 2.0897072
6  50.000000 0.8730000 0.3944273 0.4785727 54.819329 0.0112156 0.7776389





























Actual TNT, 1% Ozone, 250ppm, 10% Solids 
Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)


























Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.9930360097
DF Adj rA2 
0.9895540145







Std Error t-value 95% Confidence Limits 
1.604423328 34.07128176 50.52519333 58.80432518 
0.002403745 18.87069711 0.039158449 0.051562233
Area Xmin-Xmax Area Precision
K)o\VO
1125.8637169 1.177413e-16
Function min X-Value Function max X-Value
3.5951969624 60.000000000 54.664759254 1.131912e-l 0
1st Deriv min X-Value 1st Deriv max X-Value
-2.479605380 6.000004e-05 -0.163079361 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0073973354 60.000000000 0.1124754398 0.0001200499
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA 2  Coef Det DF Adj rA2 Fit Std E
0.9930360097 0.9895540145 1.7413575291
Source Sum of Squares DF Mean Square F Statistic
Regr 2161.9853 1 2161.9853 712.979
Error 15.16163 5 3.032326
Total 2177.1469 6
P>|t|
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[Decay 1J  y=aexp(-bx)
Y Value Y Predict Residual Residual% 
53.800000 54.664759 -0.864759 -1.607359
35.300000 34.730416 0.5695843 1.6135533
24.300000 22.065436 2.2345635 9.1957347
14.500000 14.018936 0.4810636 3.3176803 
7.5800000 8.9067160 -1.326716 -17.50285
4.0500000 5.6587453 -1.608745 -39.72211 
1.4700000 3.5951970 -2.125197 -144.5712






















Actual TNT, 1% Ozone, 250ppm, 20% Solids 
Rank 3 Eqn 8098 [Decay 1 J  y=aexp(-bx)


























Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.9811834331
DF Adj rA2 
0.9717751496
















95% Confidence Limits 
67.23012717 85.86215422 
0.031602236 0.049359190




Function min X-Value Function max X-Value
6.7466827366 60.000000000 76.546140693 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-3.098634811 6.000004e-05 -0.273110526 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0110557087 60.000000000 0.1254346410 0.0001201575
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA2 Coef Det DF Adj rA2 Fit Std E
0.9811834331 0.9717751496 3.9846024949
Source Sum of Squares DF Mean Square F Statistic
Regr 4139.5185 1 4139.5185 260.723
Error 79.385285 5 15.877057
Total 4218.9038 6
p>ltl
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Data Summary
Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0 . 0 0 0 0 0 0 0 73.200000 76.546141 -3.346141 -4.571230 67.230127 85.862154
2 1 0 . 0 0 0 0 0 0 55.500000 51.064349 4.4356513 7.9921644 45.847961 56.280737
3 2 0 . 0 0 0 0 0 0 37.700000 34.065306 3.6346939 9.6410979 29.032852 39.097761
4 30.000000 23.000000 22.725152 0.2748482 1.1949920 17.695841 27.754463
5 40.000000 12.800000 15.160073 -2.360073 -18.43807 10.564346 19.755800
6 50.000000 6.3400000 10.113368 -3.773368 -59.51684 6.1888710 14.037864





























Actual TNT, 1% Ozone, 250ppm, 30% Solids 
Rank 3 Eqn 8098 [D ccaylJ y=aexp(>bx) 






























Rank 3 Eqn 8098 [Decay 1_] y=aexp(-bx)
rA 2  Coef Det 
0.9901198804
DF Adj rA2 
0.9851798207
















95% Confidence Limits 
65.83769465 78.19679232 
0.033384144 0.045608002
Area Xmin-Xmax Area Precision
to-JIff
1652.9094598 1.343356e-17
Function min X-Value Function max X-Value
6.7338106139 60.000000000 72.017243488 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-2.844391574 6.000004e-05 -0.265959076 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0105043391 60.000000000 0.1123420319 0.0001200153
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA 2  Coef Det DF Adj rA2 Fit Std E
0.9901198804 0.9851798207 2.6528746318
Source Sum of Squares DF Mean Square F Statistic
Regr 3526.3794 1 3526.3794 501.067
Error 35.188719 5 7.0377438
Total 3561.5681 6
p>ltl
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Rank 3 Eqn 8098 








[Decay 1J  y=aexp(-bx)
Y Value Y Predict Residual Residual%
69.600000 72.017243 -2.417243 -3.473051 
52.100000 48.518485 3.5815154 6.8743097 
34.800000 32.687218 2.1127818 6.0712120 
21.300000 22.021591 -0.721591 -3.387752
13.600000 14.836089 -1.236089 -9.088890 
8.3700000 9.9951695 -1.625170 -19.41660 
4.0200000 6.7338106 -2.713811 -67.50773






















Actual TNT, 2% Ozone, 250ppm, 10% Solids 
Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)































Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.9923183725
DF Adj rA2 
0.9884775587




Parm Value Std Error t-value 95% Confidence Limits P>|t|
a 58.45931467 2.019063927 28.95367199 53.24993626 63.66869308 0.00000
b 0.073416547 0.005003580 14.67280365 0.060506831 0.086326263 0.00003




Function min X-Value Function max X-Value
0.7141503465 60.000000000 58.459314673 1.131912e-10
1st Deriv min X-Value 1 st Deriv max X-Value
-4.291862104 6.000004e-05 -0.052430452 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0038492627 60.000000000 0.3150923070 0  0001200126
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA 2  Coef Det DF Adj rA2 Fit Std E
0.9923183725 0.9884775587 2.0742740923
Source Sum of Squares DF Mean Square F Statistic
Regr 2779.0738 1 2779.0738 645.904






















Numeric Summary Continued 

























c :\tcwin3\tnt\tntact2%250ppm 10%. pm
Data Summary 
Rank 3 Eqn8098 








[Decay 1J  y=aexp(-bx)
Y Value Y Predict Residual Residual%
57.400000 58.459315 -1.059315 -1.845496
31.400000 28.054964 3.3450365 10.652982 
12.600000 13.463739 -0.863739 -6.855075 
4.4600000 6.4613265 -2.001326 -44.87279 
1.3700000 3.1008280 -1.730828 -126.3378 
0.4000000 1.4881053 -1.088105 -272.0263 
0.1940000 0.7141503 -0.520150 -268.1187






















Actual TNT, 2% Ozone, 2S0ppm, 20% Solids 
Rank 3 Eqn 8098 [Decay 1_] y=aexp(-bx) 












Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Numeric Summary
Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det DF Adj r^2 Fit Std Err F-val
0.9965438941 0.9948158411 1.7390975744 1441.7149155
Parm Value Std Error t-value 95% Confidence Limits
a 73.08575628 1.709385503 42.75557278 68.67537788 77.49613468 
b 0.084527435 0.004083857 20.69793945 0.073990691 0.095064179




1st Deriv min X-Value
-6.177720195 6.000004e-05




rA2 Coef Det DF Adj rA2
0.9965438941 0.9948158411






1 st Deriv max X-Value
-0.038747396 60.000000000










0 . 0 0 0 0 0
0 . 0 0 0 0 0
P>F
0.00000

















Numeric Summary Continued 









Jan 21, 2000 5:01:58 PM
Data Summary
Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0 . 0 0 0 0 0 0 0 72.400000 73.085756 -0.685756 -0.947177 68.675378 77.496135
2 1 0 . 0 0 0 0 0 0 33.800000 31.385912 2.4140876 7.1422709 28.290921 34.480904
3 2 0 . 0 0 0 0 0 0 12.900000 13.478351 -0.578351 -4.483344 10.850548 16.106154
4 30.000000 3.6300000 5.7881368 -2.158137 -59.45280 4.0661979 7.5100756
5 40.000000 0.7580000 2.4856547 -1.727655 -227.9228 1.4876734 3.4836360
6 50.000000 0.2400000 1.0674384 -0.827438 -344.7660 0.5272468 1.6076299





























Actual TNT, 2% Ozone, 250ppm, 30% Solids 
Rank 3 Eqn 8098 [Decay 1_] y=aexp(-bx) 

























Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.9912630636
DF Adj rA2 
0.9868945954




Parm Value Std Error t-value 95% Confidence Limits
a 76.86680682 2.776828216 27.68151316 69.70232393 84.03128970
b 0.063821688 0.004382676 14.56226534 0.052513965 0.075129412




Function min X-Value Function max X-Value
1.6699152040 60.000000000 76.866806816 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-4.905750594 6.000004e-05 -0.106576808 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0068019118 60.000000000 0.3130920865 0.0001200087
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA2 Coef Det DF Adj rA2 Fit Std E
0.9912630636 0.9868945954 2.8891723166
Source Sum of Squares DF Mean Square F Statistic
Regr 4735.2907 1 4735.2907 567.283
Error 41.736583 5 8.3473167
Total 4777.0273 6
p>ltl





























Y Variable: Cone. (mg/L) 

























Rank 3 Eqn 8098 [Decay 1_] y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0.0000000 75.100000 76.866807 -1.766807 -2.352606 69.702324 84.031290
2 10.000000 45.300000 40.603621 4.6963786 10.367282 36.230437 44.976805
3 20.000000 21.000000 21.448193 -0.448193 -2.134250 17.153950 25.742435
4 30.000000 9.4600000 11.329654 -1.869654 -19.76378 7.8533783 14.805929
5 40.000000 3.4900000 5.9847024 -2.494702 -71.48144 3.4898921 8.4795127
6  50.000000 1.0300000 3.1613202 -2.131320 -206.9243 1.4915549 4.8310855









C :\TCWIN3\tnb Act 1 %LPUV 10%. pm 
Rank 3 Eqn 8098 [Decay 1_J y=aexp(-bx)






0 20 40 60
Time (min.)
286


















Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.7406568677
DF Adj rA2 
0.6109853016


















Area Xmin-Xmax Area Precision
133.72872363 2.107817e-09
Function min X-Value Function max X-Value
1.1618518671 60.000000000 3.8071559633 1.131912e-10
1st Deriv min X-Value 1 st Deriv max X-Value
-0.075309724 6.000004e-05 -0.022982733 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0004546242 60.000000000 0.0014897091 0.0001200821
Procedure Minimization Iterations
LevMarqdt Least Squares 9
rA2 Coef Det DF Adj rA2 Fit Std E
0.7406568677 0.6109853016 0.6700668998
Source Sum of Squares DF Mean Square F Statistic
Regr 6.4113375 1 6.4113375 14.2795
Error 2.2449483 5 0.44898965
Total 8.6562857 6






























Y Variable: Cone. (mg/L) 


















c :\tcwin3\tnb\tnbact 1 %lpuv 10%. pm
Data Summary 
Rank 3 Eqn 8098 
XY * X Value 








Y Value Y Predict Residual Residual% 
3.4700000 3.8071560 -0.337156 -9.716310 
3.2200000 3.1238657 0.0961343 2.9855382 
2.6000000 2.5632091 0.0367909 1.4150355 
2.6800000 2.1031765 0.5768235 21.523266 
2.4100000 1.7257083 0.6842917 28.393845 
1.2900000 1.4159864 -0.125986 -9.766387 
0.0200000 1.1618519 -1.141852 -5709.259























Rank 3 Eqn 8130 [Intcrmed b>cj y=ab(exp(-bx)-c\p(-cx))/(c-b) 
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Numeric Summary Continued 




























Rank 3 Eqn8130 
XY * X Value 

















Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weights
0.0000000 0.4940000 100.00000 
3.6858490 0.1341510 3.5118055 1.9440345 5.4276636 
3.4248601 0.0851399 2.4256376 2.0131610 4.8365592 
3.1823514 -0.762351 -31.50212 2.2519762 4.1127266 
2.9570143 0.2929857 9.0149436 2.1697691 3.7442595 
2.7476330 0.5423670 16.485319 1.7718419 3.7234241 
















Rank 2 Eqn 8130 [Intermed_ b>c) y=ab(exp(-bx)-exp(-cx))/(c-b) 
































Rank 2 Eqn8130 [Intermed_ b>c] y=ab(exp(-bx)-exp(-cx))/(c-b)
rA2 Coef Det 
0.8608334238
DF Adj rA2 
0.7216668476




Parm Value Std Error t-value 95% Confidence Limits
a 6.782193685 1.599355758 4.240578528 2.336235603 11.22815177
b 0.189133785 0.154037047 1.227846088 -0.23906504 0.617332609
c 0.009213240 0.007238062 1.272887645 -0.01090744 0.029333918
VOU>
Area Xmin-Xmax Area Precision
290.92017868 6.67843le-19
Function min X-Value Function max X-Value
1.45195 le-10 1.131912e-10 5.8098909502 16.795259487
1st Deriv min X-Value 1st Deriv max X-Value
-0.045854100 33.590533029 1.2827266992 6.000004e-05
2nd Deriv min X-Value 2nd Deriv max X-Value
-0.254422266 0.0001200005 0.0003618999 50.394419141
Procedure Minimization Iterations
LevMarqdt Least Squares 14
rA2 Coef Det DF Adj rA2 Fit Std E
0.8608334238 0.7216668476 0.8701474776
Source Sum of Squares DF Mean Square F Statistic
Regr 18.733973 2 9.3669867 12.3713
Error 3.0286265 4 0.75715663
Total 21.7626 6























Numeric Summary Continued 


























c:\tcwin3\tnb\tnbact 1 %lpuv30%. pm
Data Summary
Rank 2 Eqn8130 [lntermed_ b>c] y=ab(exp(-bx)-exp(-cx))/(c-b)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0.0000000 0.5600000 0.0000000 0.5600000 100.00000
2 10.000000 5.6000000 5.4263597 0.1736403 3.1007205 3.0442963 7.8084230
3 20.000000 5.2000000 5.7674293 -0.567429 -10.91210 4.0617655 7.4730931
4 30.000000 5.1400000 5.3833187 -0.243319 -4.733827 3.8688135 6.8978239
5 40.000000 5.8700000 4.9281370 0.9418630 16.045366 3.7585094 6.0977647
6  50.000000 5.1700000 4.4971954 0.6728046 13.013628 3.1350364 5.8593545
7 60.000000 3.1200000 4.1017962 -0.981796 -31.46783 2.2438135 5.9597789















Rank 2 Eqn 8130 [Interracd_ b>cl y=ab(cxp(-bx)-cxp(-cx))/(c-b) 





0 20 40 60
Time (min.)
295
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Y Variable: Cone. (mg/L) 













Date Time File Source
Jan 20, 2000 4:00:11 PM c:\tcwin3\tnb\tnbact2%lpuvl0%.pm
Data Summary
Rank 2 Eqn8130 [Intermed_ b>c] y=ab(exp(-bx)-exp(-cx))/(c-b)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weights
1 0.0000000 0.4950000 0.0000000 0.4950000 100.00000 -1.435331 1.4353306 1
2 10.000000 1.5470000 1.8850384 -0.338038 -21.85122 0.4840301 3.2860467 -0.120703 3.8907798 1
3 20.000000 2.0550000 1.5916828 0.4633172 22.545848 0.4760393 2.7073264 -0.226238 3.4096032 1
4 30.000000 1.3200000 1 0079853 0.3120147 23.637478 0.0766781 1.9392925 -0.703011 2.7189812 1
5 40.000000 0.0200000 0.5674132 -0.547413 -2737.066 -0.245941 1.3807674 -1.082350 2.2171766 1
6  50.000000 0.0200000 0.2994443 -0.279444 -1397.221 -0.579607 1.1784951 -1.383679 1.9825677 1








Rank 2 Eqn 8130 [lntcrmcd_ b>cj y=ab(cxp(-bx)-cxp(-cx)V(c-b) 







0 20 40 60
Time (min.)
298


















Rank 2 Eqn 8130 [Intermed_ b>c] y=ab(exp(-bx)-exp(-cx))/(c-b)
rA2 Coef Det 
0.8861335644
DF Adj rA2 
0.7722671288








Std Error t-value 95% Confidence Limits 
6375.298123 0.001697411 -17711.5071 17733.15006 
47.95652133 0.001696326 -133.230255 133.3929552 
47.87891061 0.001697038 -133.014607 133.1771121
K>VOvO
Area Xmin-Xmax Area Precision
127.22494567 1.158244e-l 1
Function min X-Value Function max X-Value
0.4020489161 60.000000000 3.9833969905 12.299956561
1st Deriv min X-Value 1st Deriv max X-Value
-0.119139419 24.599915274 0.8803194714 6.000004e-05
2nd Deriv min X-Value 2nd Deriv max X-Value
-0.143141326 0.0001213373 0.0035633457 36.901947412
Procedure Minimization Iterations
LevMarqdt Least Squares 2 1
rA 2  Coef Det DF Adj i^2 Fit Std E
0.8861335644 0.7722671288 0.6408636905
Source Sum of Squares DF Mean Square F Statistic
Regr 12.784825 2 6.3924125 15.5644



































Rank 2 Eqn8130 
XY * X Value 








Y Value Y Predict Residual Residual% 95% Confidence Limits 
0.6570000 0.0000000 0.6570000 100.00000
4.0500000 3.9044360 0.1455640 3.5941727 2.1757616 5.6331104
2.9300000 3.4633956 -0.533396 -18.20463 2.1190650 4.8077262
2.8600000 2.3041311 0.5558689 19.435974 1.1328805 3.4753818
1.7700000 1.3625731 0.4074269 23.018471 0.3705163 2.3546299
0.2220000 0.7554117 -0.533412 -240.2755 -0.339915 1.8507385
0.0200000 0.4020489 -0.382049 -1910.245 -0.679592 1.4836896















Rank 1 Eqn 8130 [Intcrmcd_ b>c] y=ab(cxp(-bx)-cxp(-cx))/(c-b) 
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Numeric Summary Continued 




Y Variable: Cone. (mg/L) 























Rank 1 Eqn8130 [Intermed_ b>c] y=ab(exp(-bx)-exp(-cx))/(c-b)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1  0 . 0 0 0 0 0 0 0  0 . 0 0 0 0 0 0 0  0 . 0 0 0 0 0 0 0  0 . 0 0 0 0 0 0 0  0 . 0 0 0 0 0 0 0
2 10.000000 0.8420000 0.7206562 0.1213438 14.411375 -1.942381 3.3836938
3 20.000000 0.7030000 1.2843975 -0.581398 -82.70235 -1.130315 3.6991102
4 30.000000 0.4170000 1.7168497 -1.299850 -311.7145 -0.451086 3.8847851
5 40.000000 3 .9500000 2.0399183 1.9100817 48.356498 -0.451804 4.5316405
6  50.000000 2.9100000 2.2722955 0.6377045 21.914244 -0.013134 4.5577255
7 60.000000 1.4200000 2.4298994 -1.009899 -71.11968 -1 062251 5.9220501














C :\TC WIN3\tnb Act 1 % 1 OOppm 10%.pm 
Rank 3 Eqn 8130 [Intcrmcd_ b>c] y=ab(cxp(-bx)-exp(-cx))/(c-b) 


























Rank 3 Eqn8130 [Intermed_ b>c] y=ab(exp(-bx)-exp(-cx))/(c-b)
rA2 Coef Det 
0.9696033878










Std Error t-value 95% Confidence Limits 
0.974752744 6.906116695 4.022096500 9.441415896 
0.084492188 2.306258632 -0.04001419 0.429735865 
0.007486172 4.592737900 0.013571642 0.055192410




Function min X-Value Function max X-Value
1.0387025682 60.000000000 4.6421218152 10.809848737
1st Derivmin X-Value 1st Deriv max X-Value
-0.110061684 21.619698095 1.3117376129 6.000004e-05
2nd Deriv min X-Value 2nd Deriv max X-Value
-0.300703406 0.0001200009 0.0026094908 32.428592818
Procedure Minimization Iterations
LevMarqdt Least Squares 16
rA 2  Coef Det DF Adj rA2 Fit Std E
0.9696033878 0.9392067757 0.3339277170
Source Sum of Squares DF Mean Square F Statistic
Regr 14.227673 2 7.1138364 63.7968
Error 0.44603088 4 0.11150772
Total 14.673704 6























Numeric Summary Continued 


























c:\tcwin3\tnbact 1 % 1 OOppm 10%.pm
Data Summary
Rank 3 Eqn8130 [Intermed_ b>c] y=ab(exp(-bx)*exp(-cx))/(c-b)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weights
1 0.0000000 0.3390000 0.0000000 0.3390000 100 00000 -0.928267 0.9282667 1
2 10.000000 4.5600000 4.6312654 -0.071265 -1.562839 3.7103464 5.5521845 3.3236834 5.9388475 1
3 20.000000 4.2700000 3.9436548 0.3263452 7.6427448 3.1935667 4.6937429 2.7502097 5.1370999 1
4 30.000000 2.5700000 2.8902805 -0.320280 -12.46227 2.3381256 3.4424354 1.8102092 3.9703518 1
5 40.000000 1.8400000 2.0627651 -0.222765 -12.10680 1.5836133 2.5419169 1.0181286 3.1074016 1
6  50.000000 1.6000000 1.4645249 0.1354751 8.4671929 0.9146158 2.0144340 0.3856000 2.5434498 1







C ATC WIN3\tnb Act 1 % 100ppm20%. pm 
Rank 1 Eqn 8130 [Intermed_ b>c] y=at>(exp(-bx)-cxp(-cx))/(c-b) 
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Numeric Summary Continued 









Jan 20, 2000 3:18:03 PMu> oVO
Data Summary
Rank 1 Eqn8130 [Intermed_ b>c] y=ab(exp(-bx)-exp(-cx))/(c-b)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0.0000000 0.5130000 0.0000000 0.5130000 100.00000
2 10.000000 3.6800000 4.3132774 -0.633277 -17.20863 2.3960773 6.2304775
3 20.000000 5.5200000 4.7608668 0.7591332 13.752413 3.3917134 6.1300202
4 30.000000 4.3100000 3.9411770 0.3688230 8.5573792 2.5365010 5.3458530
5 40.000000 2.0800000 2.9001023 -0.820102 -39.42800 1.7531889 4.0470158
6  50.000000 1.8000000 2.0006540 -0.200654 -11.14744 0.7725563 3.2287517
7 60.000000 1.6600000 1.3249573 0.3350427 20.183294 -0.228344 2.8782584
Xmax: 60.000000000 
Xstd: 21.602468995 
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Rank 1 Eqn 8130 [Inlermed_ b>cj y=ab(exp(-bx)-exp(-cx)V(c-b) 
1^=0.92588189 DF Adj 1^=0.85176378 FitStdEir=0.74304436 Fstat=24.983959 
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Numeric Summary Continued 













Rank 1 Eqn 8130 [Intermed b>c] y=ab(exp(-bx)-exp(-cx))/(c-b)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0 . 0 0 0 0 0 0 0 0.5850000 0 . 0 0 0 0 0 0 0 0.5850000 1 0 0 . 0 0 0 0 0
2 1 0 . 0 0 0 0 0 0 3.9300000 4.8175859 -0.887586 -22.58488 3.0137215 6.6214504
3 2 0 . 0 0 0 0 0 0 6.6000000 6.3391630 0.2608370 3.9520761 5.0438570 7.6344690
4 30.000000 7.0200000 6.2559840 0.7640160 10.883419 4.8851898 7.6267782
5 40.000000 5.7300000 5.4879080 0.2420920 4.2249917 4.2427469 6.7330690
6 50.000000 4.0200000 4.5132489 -0.493249 -12.26987 3.3314972 5.6950007
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C:\TCWIN3\tnb Act2% 1 OOppm 10%.pm 
Rank 1 Eqn 8130 [Interm ed_ b>cl y=ab(cxp(-bx)-exp(-cx))/(c-b) 





















































TTin O -Q oo
<55 2w r«i 
i£ O
«  On 
£  P
s g  a
E  « n  2
o °° 'C 
. 2  rr «
§ 2  ts
U * NO —
cn
CN r -  P
© <B £: 
S f i S









5  £ 
5
m 2  o 1e/5-O  OO ^— m e
C/3 —  e«
•> O -tt w "  




O n ■O* -T
<  5




Q  oo 
(«_! 00 43 T  O N CJ cs 
r -  CN On






in  in  m no 
NO CN 





o  — o  
0 ^ 0  
O  CN O  
O  O n O
-  J § j | s |  
g  £  8  >  §j >  8
-  X  ®  X  CN X  S










c  < n  . S  » o  ‘ S  ^g -  e  S  E  <ci«** e  5  > «"*— cn  >  p ;  . o  mÔ* • f* i A M ^JT  C  NO U  U .
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Numeric Summary Continued 


























c:\tcwin3\tnb\tnbact2% 1 OOppm 10%.pm
Data Summary 
Rank 1 Eqn8130 
XY * X Value 

















Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weights
0.0000000 0.3290000 100.00000 
4.5085745 0.0614255 1.3441022 3.7697648 5.2473842 
2.9544786 -0.304479 -11.48976 2.5006258 3.4083314 
1.9360762 0.3439238 15.084377 1.4614736 2.4106788 
1.2687149 0.1412851 10.020219 0.8275735 1.7098563 
0.8313916 -0.171392 -25.96843 0.4323838 1.2303995 















C:\TCWIN3\tnb Act2% 100ppm20%.pm 
Rank 2 Eqn 8130 [Intcrm cd_ b>c] y=ab(exp(-bx)-exp(-cx))/(c-b) 
1^=0.94169114 DF Adj r2=0.88338227 FitStdEiT=0.34274226 Fstat=32.300102
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X@Ymax: 1 0 . 0 0 0 0 0 0 0 0 0
Y Variable: Cone. (mg/L) 


























Rank 2 Eqn8130 [Intermed_ b>c] y=ab(exp(-bx)-exp(-cx))/(c-b)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0.0000000 0.5200000 0.0000000 0.5200000 100.00000
2 10.000000 3.3430000 3.3216617 0.0213383 0.6382986 2.3688920 4.2744314
3 20.000000 0.7900000 0.9395771 -0.149577 -18.93381 -0.010156 1.8893098
4 30.000000 0.5350000 0.2657417 0.2692583 50.328646 -0.544568 1.0760515
5 40.000000 0.0200000 0.0751601 -0.055160 -275.8003 -0.385828 0.5361476
6  50.000000 0.0200000 0.0212576 -0.001258 -6.288059 -0.175860 0.2183757







C :\TCWIN3\tnb Act2% 100ppm30%. pm 
Rank 3 Eqn 8098 [Decay i_J y=aexp(-bx)
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Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.8663837538
DF Adj rA2 
0.7995756308




Parm Value Std Error t-value 95% Confidence Limits
a 0.530179924 0.073196061 7.243284925 0.341327073 0.719032776
b 0.042985519 0.010693950 4.019611002 0.015394103 0.070576935
U)to
o
Area Xmin-Xmax Area Precision
11.398516491 5.105925e-17
Function min X-Value Function max X-Value
0.0402087761 60.000000000 0.5301799244 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.022790000 6.000004e-05 -0.001728395 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
7.429596e-05 60.000000000 0.0009796375 0.0001200173
Procedure Minimization Iterations
LevMarqdt Least Squares 9
i^2 Coef Det DF Adj rA2 Fit Std E
0.8663837538 0.7995756308 0.0800614197
Source Sum of Squares DF Mean Square F Statistic
Regr 0.20781056 1 0.20781056 32.4206
























Numeric Summary Continued 
X Variable: Time (min.)
Xmin: 0.0000000000 Xmax: 60.000000000
Xmean: 30.000000000 Xstd: 21.602468995
X@Ymin: 40.000000000 X@Ymax: 0.0000000000
Y Variable: Cone. (mg/L) 












Date Time File Source





















Y Value Y Predict Residual Residual% 
0.5340000 0.5301799 0.0038201 0.7153700 
0.2710000 0.3449368 -0.073937 -27.28296 
0.3590000 0.2244170 0.1345830 37.488293 
0.1720000 0.1460065 0.0259935 15.112524 
0.0200000 0.0949923 -0.074992 -374.9614 
0.0200000 0.0618023 -0.041802 -209.0115 
0.0200000 0.0402088 -0.020209 -101.0439






















C:\TCWIN3\tnbAct I %250ppm 10%.pm 
Rank 1 Eqn 8130 [Interm ed_ b>c) y=ab(exp(-bx)-exp(-cx))/(c-b) 
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Numeric Summary Continued 



























c:\tcwin3\tnbact 1 %250ppm 10%.pm
Data Summary 

















[Intermed_ b>c] y=ab(exp(-bx)-exp(-cx))/(c-b) 
Y Value Y Predict Residual Residual% 
0.3420000 0.0000000 0.3420000 100.00000 
3.4300000 3.4203453 0.0096547 0.2814767 
3.6100000 3.6606483 -0.050648 -1.403001 
3.0200000 2.9383757 0.0816243 2.7027906 
2.0900000 2.0965447 -0.006545 -0.313143 
1.3200000 1.4024010 -0.082401 -6.242497 























Rank 3 Eqn 8130 [Intermed_ b>cj y=ab(exp(-bx)-exp(-cx))/(c-b) 
1^=0.88140137 DF Adj r2=0.76280273 FitSldErr=0.74142233 Fstat= 14.863601 
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Numeric Summary Continued 



























Rank 3 Eqn8130 [Intermed_ b>c] y=ab(exp(-bx)-exp(-cx))/(c-b)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0.0000000 0.5210000 0.0000000 0.5210000 100.00000
2 10.000000 2.9800000 4.2038270 -1.223827 -41.06802 2.3461540 6.0615000
3 20.000000 5.5000000 5.1155277 0.3844723 6.9904050 3.8006361 6.4304193
4 30.000000 5.0100000 4.6687533 0.3412467 6.8113109 3.2756105 6.0618962
5 40.000000 3.8000000 3.7875861 0.0124139 0.3266823 2.5942179 4.9809542
6  50.000000 2.7200000 2.8807063 -0.160706 -5.908321 1.6840368 4.0773758
7 60.000000 1.7300000 2.1033441 -0.373344 -21.58058 0.4399895 3.7666986















Rank 3 Eqn 8130 [Intermed_ b>c) y=ab(exp(-bx)-exp(-cx))/(c-b) 
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Numeric Summary Continued 




























Rank 3 Eqn8130 
XY * X Value








Y Value Y Predict Residual Residual% 95% Confidence Limits 
0.5590000 0.0000000 0.5590000 100.00000
2.7700000 3.3985068 -0.628507 -22.68978 1.2156564 5.5813572
5.2500000 4.0709329 1.1790671 22.458421 2.5521157 5.5897502
3.3900000 3.7575784 -0.367578 -10.84302 2.1576876 5.3574692
2.4600000 3.1608536 -0.700854 -28.48998 1.8285747 4.4931324
2.5700000 2.5492210 0.0207790 0.8085216 1.1842835 3.9141585
2.4500000 2.0130197 0,4369803 17.835929 0.1084784 3.9175611















Rank 4 Eqn 8130 [Inlermcd_ b>cj y=ab(cxp(-bx)-cxp(-cx))/(c-b) 
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Numeric Summary Continued 



























Rank 4 Eqn8130 [Intermed_ b>c] y=ab(exp(-bx)-exp(-cx))/(c-b)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weights
1 0.0000000 0.3520000 0.0000000 0.3520000 100.00000 -0.720147 0.7201471 1
2 10.000000 3.7000000 3.7489308 -0.048931 -1.322455 3.0447215 4.4531402 2.7416957 4.7561660 1
3 20.000000 3.3600000 3.1803089 0.1796911 5.3479483 2.6192490 3.7413689 2.2674015 4.0932164 1
4 30.000000 1.7800000 2.0571440 -0.277144 -15.56989 1.5934397 2.5208482 1.2006199 2.9136680 1
5 40 000000 1.3100000 1.2015281 0.1084719 8.2802998 0.7983761 1.6046801 0.3762140 2.0268422 1
6  50 000000 0.7890000 0.6676663 0.1213337 15.378162 0.2281230 1.1072096 -0.176022 1.5113547 1








Rank 2 Eqn 8130 [Intcnncd_ b>c| y=ab(cxp(-bx)-cxp(-cx))/(c-b) 
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Rank 2 Eqn8130 [Intermed_ b>c] y=ab(exp(-bx)-exp(-cx))/(c-b)
rA 2  Coef Det DF Adj rA2 Fit Std Err F-val
0.9856794066 0.9713588132 0.3003145676 137.65901744
Parm Value Std Error t-value 95% Confidence Limits P>|t|
a 9.293079876 1.195619903 7.772603859 5.969444126 12.61671563 0.00148
b 0.252714082 0.128865807 1.961063897 -0.10551264 0.610940808 0.12141
c 0.057993109 0.010877206 5.331618227 0.027756183 0.088230035 000596
Area Xmin-Xmax Area Precision
153.83490995 7.216977e-19
Function min X-Value Function max X-Value
0.3717127755 60.000000000 5.9947769654 7.5591987659
1st Deriv min X-Value 1st Deriv max X-Value
-0.224265661 15.118401991 2.3484483698 6.000004e-05
2nd Deriv min X-Value 2nd Deriv max X-Value
-0.729670323 0 . 0 0 0 1 2 0 0 0 1 1 0.0083898179 22.677453315
Procedure Minimization Iterations
LevMarqdt Least Squares 15
rA2 Coef Det DF Adj rA2 Fit Std E
0.9856794066 0.9713588132 0.3003145676
Source Sum of Squares DF Mean Square F Statistic P>F
Regr 24.830614 2 12.415307 137.659 0 . 0 0 0 2 1



















Numeric Summary Continued 













Rank 2 Eqn8130 [lntermed_ b>c] y=ab(exp(-bx)-exp(-cx))/(c-b)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0.0000000 0.5090000 0.0000000 0.5090000 100.00000
2 10.000000 5.8000000 5.7897887 0.0102113 0.1760566 4.9559971 6.6235804
3 20.000000 3.6300000 3.7044461 -0.074446 -2.050857 2.9399036 4.4689886
4 30.000000 2.1800000 2.1112064 0.0687936 3.1556698 1.6328948 2.5895180
5 40.000000 1.3800000 1.1850943 0.1949057 14.123600 0.6919867 1.6782019
6  50.000000 0.5280000 0.6638139 -0.135814 -25.72233 0.2082643 1.1193635






























Rank 4 Eqn 8130 [Intcrmed_ b>c] y=ab(cxp(-bx)-exp(-cx))/(c-b) 
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Numeric Summary Continued 
X Variable: Time (min.) 
Xmin: 0.0000000000 
Xmean: 30.000000000 
X@Ymin: 0 . 0 0 0 0 0 0 0 0 0 0























Rank 4 Eqn8130 
XY * X Value 

















Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weights
0.0000000 0.5800000 100.00000 
5.0273665 0.6126335 10.862297 
3.9037677 -1.043768 -36.49538 
3.0312894 -0.121289 -4.168020 
2.3538069 0.2961931 11.177099 
1.8277393 0.3322607 15.382439 
1.4192460 0.0407540 2.7913697
-1.973332 1.9733315 
3.0540387 7.0006942 2.2366569 7.8180760
2.1645950 5.6429405 1.2734143 6.5341212
2.0223284 4.0402503 0.8149772 5.2476015
1.3752522 3.3323615 0.1511706 4.5564432
0.6942217 2.9612569 -0.447980 4.1034589








Actual HMX, LPUV, 1% Ozone, 10% Solids 
Rank 15 Eqn 8098 [Decay 1_] y=acxp(-bx) 




























Rank 15 Eqn8098 [Decay 1J  y=aexp(-bx)
u>
-u
rA 2  Coef Det DF Adj rA2 Fit Std Err F-val
0.7533253008 0.6299879512 0.2800722805 15.269610203
Parm Value Std Error t-value 95% Confidence Limits
a 1.4 0.28007228 4.998709611 0.677386679 2.122613321
b 1.030456217 597.5256891 0.001724539 -1540.64308 1542.703992
Area Xmin-Xmax Area Precision
1.3586215275 2.553652e-18
Function min X-Value Function max X-Value
1.971701e-27 60 1.3999999998 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-1.442549513 6.000004e-05 -2.03175e-27 60
2nd Deriv min X-Value 2nd Deriv max X-Value
2.09363 le-27 60 1.4863922127 0.0001200003
Procedure Minimization Iterations
LevMarqdt Least Squares 6
i^2 Coef Det DF Adj rA 2 Fit Std E
0.7533253008 0.6299879512 0.2800722805
Source Sum of Squares DF Mean Square F Statistic
Regr 1.1977556 1 1.1977556 15.2696
























Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0 Xmax: 60
Xmean: 30 Xstd: 21.602468995




Y Variable: Cone. (mg/L)
Ymin: 0.02 Ymax: 1.4
Ymean: 0.33 Ystd: 0.514774708










Rank 15 Eqn8098 [Decay 1 _] y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weights
1 0 1.4 1.4 0 0 0.6773867 2.1226133 0.3780704 2.4219296
2 1 0 0.593 4.687e-05 0.5929531 99.992096 -0.722566 0.7226602 -1.021883 1.0219764
3 2 0 0.185 1.569e-09 0.185 99.999999 -4.84e-05 4.839e-05 -0.722613 0.7226133
4 30 0.072 5.254e-14 0.072 100 -2.43e-09 2.43e-09 -0.722613 0.7226133
5 40 0 . 0 2 1.759e-18 0 . 0 2 100 -1.08e-13 1.085e-13 -0.722613 0.7226133
6 50 0 . 0 2 5.889e-23 0 . 0 2 100 -4.54e-18 4.54e-18 -0.722613 0.7226133







Actual HMX, 1% Ozone, LPUV, 20% Solids 
R ank 3 Eqn 8098 [Decay 1_J y=aexp(-bx)

























Rank 3 Eqn 8098 [Decay 1_] y=aexp(-bx)
rA 2  Coef Det 
0.9939727109
DF Adj rA2 
0.9909590664




Parm Value Std Error t-value 95% Confidence Limits
a 2.088302592 0.063957224 32.65155157 1.923286826 2.253318358
b 0.07593747 0.004636426 16.3784495 0.063975046 0.087899893




Function min X-Value Function max X-Value
0.0219300681 60 2.0883025922 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.158579693 6.000004e-05 -0.001665314 60
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0001264597 60 0.0120420857 0.0001200265
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA2 Coef Det DF Adj rA2 Fit Std E
0.9939727109 0.9909590664 0.0655350648
Source Sum of Squares DF Mean Square F Statistic
Regr 3.5413586 1 3.5413586 824.56
























Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0 Xmax: 60
Xmean: 30 Xstd: 21.602468995




Y Variable: Cone. (mg/L) 

























































Residual% 95% Confidence Limits 95% Prediction Limits Weights 
-1.373912 1.9232868 2.2533184 1.8520389 2.3245663
7.8075575 0.8678318 1.0866479 0.7758436 1.1786361
2.2845824 0.3576986 0.5569177 0.2610624 0.6535539
-60.90334 0.1427116 0.2852913 0.0305006 0.3975023
-400.7195 0.0550097 0.145278 -0.074863 0.2751508
-134.3162 0.0201926 0.0735339 -0.124314 0.2180405







Actual HMX, 1% Ozone, LPUV, 30%Solids
R ank 2 Eqn 8098 [Decay 1_] y=aexp(-bx)







Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Numeric Summary
Rank 2 Eqn8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.9984461199
DF Adj rA2 
0.9976691799




Parm Value Std Error t-value 95% Confidence Limits
a 2.124780134 0.032837954 64.70500891 2.040055065 2.209505203
b 0.079447271 0.002483305 31.99255751 0.073040107 0.085854436
Area Xmin-Xmax Area Precision
26.517010085 5.785858e-13
Function min X-Value Function max X-Value
0.0180760405 60 2.1247801337 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.168807179 6.000004e-05 -0.001436092 60
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0001140936 60 0.0134112058 0.0001200164
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA2 Coef Det DF Adj rA2 Fit Std E
0.9984461199 0.9976691799 0.0335399958
Source Sum of Squares DF Mean Square F Statistic
Regr 3.6141248 1 3.6141248 3212.75
























Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0 Xmax: 60
Xmean: 30 Xstd: 21.602468995




Y Variable: Cone. (mg/L) 


















Rank 2 Eqn 8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weigh
1 0 2 . 1 1 2.1247801 -0.01478 -0.70048 2.0400551 2.2095052 2.0036732 2.2458871
2 1 0 1 . 0 1 0.9600169 0.0499831 4.948821 0.9024957 1.0175381 0.8561071 1 0639267
3 2 0 0.419 0.4337543 -0.014754 -3.521306 0.3827989 0.4847096 0.3333302 0.5341784
4 30 0.164 0.1959786 -0.031979 -19.49915 0.1607999 0.2311573 0.1025651 0.2893921
5 40 0.053 0.0885469 -0.035547 -67.06969 0.0670659 0.110028 -0 000616 0.1777096
6 50 0 . 0 2 0.0400072 -0.020007 -100.0361 0.0277612 0.0522532 -0.047391 0.1274058







Actual HMX, 2% Ozone, LPUV, 10% Solids 
Rank 3 Eqn 8098 [Decay 1 _] y=aexp(-bx)

























Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.9123276435
DF Adj rA2 
0.8684914652




Parm Value Std Error t-value 95% Confidence Limits
a 2.300547147 0.288800336 7.965874192 1.555414604 3.045679689
b 0.083848311 0.021681678 3.867242777 0.027907505 0.139789118
u>
O
Area Xmin-Xmax Area Precision
27.257767964 1.276719e-12
Function min X-Value Function max X-Value
0.0150293293 60 2.3005471465 1.131912e-10
1 st Deriv min X-Value 1st Deriv max X-Value
-0.192896023 6.000004e-05 -0.001260184 60
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0001056643 60 0.0161739245 0.0001200094
Procedure Minimization Iterations
LevMarqdt Least Squares 1 1
rA2 Coef Det DF Adj rA 2 Fit StdE
0.9123276435 0.8684914652 0.2939609171
Source Sum of Squares DF Mean Square F Statistic
Regr 4.4961143 1 4.4961143 52.0305
Error 0.4320651 5 0.086413021
Total 4.9281794 6






















Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0 Xmax: 60
Xmean: 30 Xstd: 21.602468995






















Rank 3 Eqn 8098 [Decay 1_] y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0 2.19 2.3005471 -0.110547 -5.047815 1.5554146 3.0456797
2 10 1.464 0.9946781 0.4693219 32.057508 0.4740355 1.5153206
3 20 0.02 0.4300649 -0,410065 -2050.324 -0.014574 0.8747032
4 30 0.02 0.1859454 -0.165945 -829.7268 -0.107456 0.479347
5 40 0.02 0.0803964 -0,060396 -301.9822 -0.090839 0.2516321
6 50 0.02 0.0347607 -0.014761 -73.80337 -0.05857 0.1280917
7 60 0.02 0.0150293 0.0049707 24.853354 -0.033689 0.0637472














Actual HMX, 2% Ozone, LPUV, 20% Solids 
R ank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)




























Rank 3 Eqn 8098 [Decay 1_] y=aexp(-bx)
rA 2  Coef Det 
0.9712368225
DF Adj rA2 
0.9568552337




Parm Value Std Error t-value 95% Confidence Limits
a 3.916733936 0.267981285 14.61569952 3.225316541 4.60815133
b 0.072207487 0.009701594 7.442847612 0.047176444 0.097238529




Function min X-Value Function max X-Value
0.0514476203 60 3.9167339355 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.282816288 6.000004e-05 -0.003714903 60
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0002682438 60 0.0204213648 0.0001200463
Procedure Minimization Iterations
LevMarqdt Least Squares 8
rA2 Coef Det DF Adj rA 2 Fit Std E
0.9712368225 0.9568552337 0.2756799506
Source Sum of Squares DF Mean Square F Statistic
Regr 12.831241 1 12.831241 168.833
























Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0 Xmax: 60
Xmean: 30 Xstd: 21.602468995





















Rank 3 Eqn 8098 [Decay 1_] y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits V
1 0 3.79 3.9167339 -0.126734 -3.343903 3.2253165 4.6081513 2.9247772 4.9086907
2 1 0 2.26 1.9025275 0.3574725 15.817368 1.455711 2.349344 1.0625482 2.7425068
3 2 0 0.992 0.9241401 0.0678599 6.8407167 0.5062682 1.3420119 0.0991934 1.7490868
4 30 0 . 0 2 0.4488949 -0.428895 -2144.475 0.1381908 0.759599 -0.327286 1.2250761
5 40 0 . 0 2 0.2180477 -0.198048 -990.2386 0.0136168 0.4224786 -0.522028 0.9581235
6 50 0 . 0 2 0.1059152 -0.085915 -429.5762 -0.019595 0.2314254 -0.616354 0.8281846







Actual HMX, 2% Ozone, LPUV, 30% Solids 
Rank 7 Eqn 8098 [Decay 1_] y=aexp(-tox) 



























Rank 7 Eqn 8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det DF Adj rA2 Fit Std Err F-val
0.9310453338 0,8965680008 0.3130047472 67.511409004
Parm Value Std Error t-value 95% Confidence Limits
a 2.963904528 0.300865476 9.851261672 2.187642771 3.740166286
b 0.063888353 0.012330997 5.18111815 0.032073199 0.095703507
Area Xmin-Xmax Area Precision
45.388106529 2.237027e-14
Function min X-Value Function max X-Value
0.0641331637 60 2.9639045283 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.189358252 6.000004e-05 -0.004097362 60
2nd Deriv min X-Value 2nd Deriv max X-Value











DF Adj rA2 
0.8965680008 



































Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0 Xmax: 60
Xmean: 30 Xstd: 21.602468995
X@Ymin: 30 X@Ymax: 0
Y Variable: Cone. (mg/L) 




















Rank 7 Eqn 8098 [Decay 1_] y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weigh
1 0 2.94 2.9639045 -0.023905 -0.813079 2.1876428 3.7401663 1.8437387 4.0840703
2 1 0 1.57 1.5645902 0.0054098 0.3445701 1.0905545 2.038626 0.6281614 2.5010191
3 2 0 1 . 1 2 0.8259182 0.2940818 26.257305 0.3605829 1.2912535 -0.106137 1.7579729
4 30 0 . 0 2 0.4359869 -0.415987 -2079.934 0.0595405 0.8124332 -0.455024 1.3269981
5 40 0 . 0 2 0.2301494 -0.210149 -1050.747 -0.039827 0.5001259 -0.621365 1.0816636
6 50 0.55 0.1214916 0.4285084 77.910618 -0.059078 0.3020613 -0.706032 0.9490147







Actual HMX, 1% Ozone, 100 ppm, 10% Solids 
Rank 3 Eqn 8098 [D ecay I _] y=acxp(-bx) 
r2=0.9775I034 DF Adj 1^=0.9662655 FitStdErr=0.066970569 Fstat=217.32436
























Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
rA 2  Coef Det 
0.9775103362
DF Adj rA2 
0.9662655043
















95% Confidence Limits 
1.197986277 1.492477416 
0.021390862 0.032805472




Function min X-Value Function max X-Value
0.2646562076 60.000000000 1.3452318462 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.036453257 6.000004e-05 -0.007171698 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0001943399 60.000000000 0.0009878149 0.0001201815
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA2 Coef Det DF Adj rA2 Fit Std E
0.9775103362 0.9662655043 0.0669705689
Source Sum of Squares DF Mean Square F Statistic
Regr 0.97471214 1 0.97471214 217.324





















































Date Time File Source
Jan 19, 2000 10:04:53 PM c:\tcwin3\hmxactl%100ppml0%.prn
Data Summary
Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict
1 0 . 0 0 0 0 0 0 0 1.2800000 1.3452318
2 1 0 . 0 0 0 0 0 0 1.0800000 1.0259148
3 2 0 . 0 0 0 0 0 0 0.8520000 0.7823939
4 30.000000 0.6200000 0.5966774
5 40.000000 0.4580000 0.4550444
6 50.000000 0.3090000 0.3470307
7 60.000000 0.1730000 0.2646562
Residual Residual% 95% Confidence Limits 
-0.065232 -5.096238 1.1979863 1.4924774 
0.0540852 5.0078884 0.9386667 1.1131629 
0.0696061 8.1697302 0.7081746 0.8566132 
0.0233226 3.7617044 0.5182429 0.6751120 
0.0029556 0.6453284 0.3735479 0.5365409 
-0.038031 -12.30768 0.2668482 0.4272132 







Actual HMX, 1% Ozone, 100 ppm, 20% Solids 
Rank 3 Eqn 8098 [Decay 1 J  y=aexp(-bx) 








Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Numeric Summary
Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.9604169323
DF Adj rA2 
0.9406253984







Std Error t-value 95% Confidence Limits 
0.10362646 22.27851696 2.041277646 2.576010039
0.001883702 9.862007505 0.013716954 0.023437219
Area Xmin-Xmax Area Precision
83.507198091 1.28276e-09
Function min X-Value Function max X-Value
0.7573233749 60 2.3086438426 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.042887829 6.000004e-05 -0.014068862 60
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0002613585 60 0.0007967301 0.0001201953
Procedure Minimization Iterations
LevMarqdt Least Squares 8
rA 2  Coef Det DF Adj i^2 Fit Std E
0.9604169323 0.9406253984 0.1283175585
Source Sum of Squares DF Mean Square F Statistic
Regr 1.9975264 1 1.9975264 121.317

























Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0 Xmax: 60
Xmean: 30 Xstd: 21.602468995

















c:\tcwin3\hmxact 1 % 100ppm20%. pm
Data Summary
Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
XY ♦ X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weights
1 0 2.17 2.3086438 -0.138644 -6.389117 2.0412776 2.57601 1.8830935 2.7341942 1
2 1 0 1.99 1.9172453 0.0727547 3.6560164 1.7465532 2.0879374 1.5447615 2.2897291 1
3 2 0 1.73 1.5922029 0.1377971 7.9651497 1.4574322 1.7269736 1.2347514 1.9496544 1
4 30 1.42 1.322267 0.097733 6.8826076 1.1827873 1.4617467 0.9630136 1.6815203 1
5 40 1 . 1 1.0980949 0.0019051 0.173188 0.9435254 1.2526645 0.7327182 1.4634717 1
6 50 0.861 0.9119282 -0.050928 -5.915001 0.7457052 1.0781511 0.541471 1.2823853 1







Actual HMX, 1% Ozone, 100 ppm, 30% Solids 
Rank 3 E qn 8098 [Decay I _] y=aexp(-bx)



























Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
u>o\in
i^2 Coef Det DF Adj rA2 Fit Std Err F-val
0.948016117 0.9220241755 0.1494268244 91.183657589
Parm Value Std Error t-value 95% Confidence Limits P>|t|
a 2.446012613 0.119315742 20.50033441 2.138166565 2.753858661 0 . 0 0 0 0 1
b 0.01701187 0.001968791 8.640769944 0.011932201 0.02209154 0.00034
Area Xmin-Xmax Area Precision
91.97229836 6.388014e-10
Function min X-Value Function max X-Value
0.8813918093 60 2.4460126128 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.041611207 6.000004e-05 -0.014994123 60
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0002550781 60 0.0007078836 0.0001292605
Procedure Minimization Iterations
LevMarqdt Least Squares 8
rA2 Coef Det DF Adj rA2 Fit Std E
0.948016117 0.9220241755 0.1494268244
Source Sum of Squares DF Mean Square F Statistic P>F
Regr 2.035983 1 2.035983 91.1837 0 . 0 0 0 2 1
Error 0.11164188 5 0.022328376
Total 2.1476249 6

















Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0 Xmax: 60
Xmean: 30 Xstd: 21.602468995
























Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weights
1 0 2.27 2.4460126 -0.176013 -7.75386 2.1381666 2.7538587 1.9526498 2.9393754 1
2 1 0 2.17 2.0633698 0.1066302 4.9138322 1.8636993 2.2630404 1.6291971 2.4975426 1
3 2 0 1.89 1.7405859 0.1494141 7.9055071 1.5844238 1.896748 1.3246241 2.1565478 1
4 30 1.58 1.4682968 0.1117032 7.069823 1.308158 1.6284356 1.0508257 1.8857678 1
5 40 1.26 1.2386033 0.0213967 1.6981497 1.0595349 1.4176718 0.8135114 1.6636953 1
6 50 0.947 1.044842 -0.097842 -10.33179 0.8491796 1.2405045 0.6124979 1.4771861 1







Actual HMX, 2% Ozone, 100 ppm, 10% Solids
Rank 3 E qn 8098 [Decay 1_J y=aexp(-bx) 




























Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det DF Adj rA2 Fit Std Err F-val
0.980553457 0.9708301855 0.0753089919 252.11510747
Parm Value Std Error t-value 95% Confidence Limits P>|t|
a 1.361335635 0.070173072 19.39968697 1.180282384 1.542388885 0.00001
b 0.049201596 0.004608582 10.67608239 0.037311014 0 061092178 0.00012
Area Xmin-Xmax Area Precision
26.223395076 4.140438e-16
Function min X-Value Function max X-Value
0.0711027347 60 1.3613356346 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.066979689 6.000004e-05 -0.003498368 60
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0001721253 60 0.0032954979 0.0001200298
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA2 Coef Det DF Adj rA2 Fit Std E
0.980553457 0.9708301855 0.0753089919
Source Sum of Squares DF Mean Square F Statistic
Regr 1.4298568 1 1.4298568 252.115
Error 0.028357221 5 0.0056714443
Total 1.458214 6

















Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0 Xmax: 60
Xmean: 30 Xstd: 21.602468995




Y Variable: Cone. (mg/L)
Ymin: 0.02. Ymax: 1.31
Ymean: 0.467 Ystd: 0.4929864772












c:\tcwin3\hmxact2% 1 OOppm 10%.pm
Data Summary
Rank 3 Eqn8098 [Decay 1 _] y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residua!% 95% Confidence Limits 95% Prediction Limits Weigh
1 0 1.31 1.3613356 -0.051336 -3.918751 1.1802824 1.5423889 1.0957523 1.6269189
2 1 0 0.918 0.8323105 0.0856895 9.3343637 0.7298683 0.9347528 0.6126549 1.0519662
3 2 0 0.55 0.5088685 0.0411315 7.4784527 0.4059722 0.6117648 0.2890007 0.7287363
4 30 0.328 0.3111184 0.0168816 5.1468157 0.2152745 0.4069624 0.0944614 0.5277755
5 40 0.123 0.1902155 -0.067216 -54.64676 0.1101451 0.2702859 -0.01994 0.4003713
6 0 0 . 0 2 0.1162964 -0.096296 -481.4818 0.0539107 0.1786821 -0.087778 0.3203703







Actual HMX, 2% Ozone, 100 ppm, 20% Solids 
Rank 3 Eqn 8098 [Decay 1J  y=acxp(-bx) 


























Rank 3 Eqn 8098 [Decay 1_] y=aexp(-bx)
rA 2  Coef Det DF Adj rA2 Fit Std Err F-val
0.9330612557 0.8995918835 0.3190899876 69.695156751
Parm Value Std Error t-value 95% Confidence Limits
a 3.0001793 0.294977386 10.17087899 2.239109377 3.761249223
b 0.04644181 0.00825612 5.625137742 0.02514023 0.06774339
Area Xmin-Xmax Area Precision
60.619087209 1.69583 le-16
Function min X-Value Function max X-Value
0.1849191524 60 3.0001792999 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.13933337 6.000004e-05 -0.00858798 60
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0003988413 60 0.0064708759 0.0001200175
Procedure 
LevMarqdt 








DF Adj rA2 
0.8995918835 






































Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0 Xmax: 60
Xmean: 30 Xstd: 21.602468995





















Rank 3 Eqn8098 [Decay 1 _J y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weigh
1 0 2.82 3.0001793 -0.180179 -6.389337 2.2391094 3.7612492 1.8790094 4.1213492
2 1 0 2.16 1.8856149 0.2743851 12.703016 1.4580034 2.3132263 0.9579048 2.8133249
3 2 0 1.29 1.1851103 0.1048897 8.1309847 0.759039 1.6111816 0.2581091 2.1121115
4 30 1.04 0.7448427 0.2951573 28.380512 0.3383509 1.1513344 -0.173324 1.6630093
5 40 0 . 0 2 0.4681342 -0.448134 -2240.671 0.1187026 0.8175657 -0.426235 1.3625037
6 50 0 . 0 2 0.2942227 -0.274223 -1371.113 0.013977 0.5744683 -0.575451 1.1638962







Actual HMX, 2% Ozone, 100 ppm, 30% Solids 
Rank 3 Eqn 8098 [Decay 1 J  y=aexp(-bx)



























Rank 3 Eqn8098 [Decay 1 _] y=aexp(-bx)
rA2 Coef Det 
0.9706615422
DF Adj rA2 
0.9559923133




Parm Value Std Error t-value 95% Confidence Limits
a 2.895082341 0.177006613 16.35578637 2.438388319 3.351776363
b 0.04306358 0.004744665 9.076210799 0.030821889 0.05530527
U)-J■u
Area Xmin-Xmax Area Precision
62.153347102 5.252733e-17
Function min X-Value Function max X-Value
0.2185367174 60 2.8950823406 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.124672287 6.000004e-05 -0.009410973 60
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0004052702 60 0.0053688211 0.0001200513
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA2 Coef Det DF Adj rA2 Fit Std E
0.9706615422 0.9559923133 0.1935575149
Source Sum of Squares DF Mean Square F Statistic
Regr 6.1975583 1 6.1975583 165.425
Error 0.18732256 5 0.037464512
Total 6.3848809 6






















Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0 Xmax: 60
Xmean: 30 Xstd: 21.602468995






















Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weights
1 0 2.79 2.8950823 -0.105082 -3.766392 2.4383883 3.3517764 2.2183499 3.5718147
2 1 0 2 . 0 1 1.8820804 0.1279196 6.3641598 1.6265174 2.1376434 1.3210904 2.4430704
3 2 0 1.33 1.2235322 0.1064678 8.0050945 0.9728908 1.4741737 0.6647672 1.7822973
4 30 0.847 0.795413 0.051587 6.0905585 0.5496559 1.04117 0.2388217 1.3520042
5 40 0.598 0.5170945 0.0809055 13.529348 0.2983627 0.7358263 -0.028104 1.0622925
6 50 0 . 0 2 0.3361609 -0.316161 -1580.804 0.1543941 0.5179276 -0.195287 0.8676084







Actual HMX, 1% Ozone, 250 ppm, 10% Solids 
Rank 3 Eqn 8098 [Decay 1_J y=aexp(-bx) 



























Rank 3 Eqn 8098 [Decay 1_J y=aexp(-bx)
rA2 Coef Det DF Adj rA2 Fit Std Err F-val
0.9793570952 0.9690356428 0.0584309409 237.21397351
Parm Value Std Error t-value 95% Confidence Limits P>|t|
a 1.389736211 0.047950288 28.98285401 1.266019872 1.51345255 0 . 0 0 0 0 0
b 0.020915312 0.001535927 13.61738749 0.016952474 0.024878151 0.00004
Area Xmin-Xmax Area Precision
47.502220794 3.273788e-09
Function min X-Value Function max X-Value
0.3962124217 60 1.3897362107 1.131912e-10
1st Deriv min X-Value 1 st Deriv max X-Value
-0.029066731 6.000004e-05 -0.008286907 60
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0001733232 60 0.000607939 0.0001216094
Procedure 
LevMarqdt 








DF Adj rA2 
0.9690356428 


































Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0 Xmax: 60 Xrange: 60
Xmean: 30 Xstd: 21.602468995 Xmedian: 30
X@Ymin: 60 X@Ymax: 0 X@Yrange: 60
Y Variable: Cone. (mg/L)
Ymin:0.311 Ymax: 1.34 Yrange: 1.029 
Ymean: 0.8051428571 Ystd: 0.3712503327 Ymedian: 0.79 
Y@Xmin: 1.34 Y@Xmax: 0.311 Y@Xrange: 1.029
Date Time File Source
Jan 19,2000 11:03:11 PM c:\tcwin3\hmxact 1 %250ppm 10%. pm
Data Summary
Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weights
1 0 1.34 1.3897362 -0.049736 -3.711658 1.2660199 1.5134525 1.1947143 1.5847581 1
2 1 0 1.14 1.1274527 0.0125473 1.1006415 1.0502351 1.2046703 0.9580704 1.296835 1
3 2 0 0.98 0.9146697 0.0653303 6.6663603 0.8526515 0.9766878 0.7516542 1.0776852 1
4 30 0.79 0.742045 0.047955 6.0702559 0.6771643 0.8069256 0.5779191 0.9061708 1
5 40 0.61 0.6019996 0.0080004 1.3115456 0.5311957 0.6728035 0.4354433 0.7685559 1
6 50 0.465 0.4883848 -0.023385 -5.028988 0.4140567 0.5627129 0.3203001 0.6564695 1







Actual HMX, 1%  Ozone, 2S0 ppm, 20% Solids 
Rank 3 Eqn 8098 [Decay 1_J y=aexp(-bx)


























Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det DF Adj rA2 Fit Std Err F-val
0.9593820133 0.9390730199 0.1316974269 118.09817403
Parm Value Std Error t-value 95% Confidence Limits P>|t|
a 2.319987661 0.10653821 21.77610897 2.045108871 2.59486645 0 . 0 0 0 0 0
b 0.018819741 0.001938923 9.706285663 0.013817134 0.023822348 0 . 0 0 0 2 0
Area Xmin-Xmax Area Precision
83.420013431 1.421485e-09
Function min X-Value Function max X-Value
0.7500446077 60 2.3199876605 1.131912e-10
1st Deriv min X-Value 1 st Deriv max X-Value
-0.043661518 6.000004e-05 -0.014115645 60
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0002656528 60 0.0008216975 0.0001242228
Procedure
LevMarqdt








DF Adj rA2 
0.9390730199 
































Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0 Xmax: 60
Xmean: 30 Xstd: 21.602468995





















c:\tcwin3\hmxact 1 %250ppm20%. pm
Data Summary
Rank 3 Eqn8098 [Decay! J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weights
1 0 2.17 2.3199877 -0.149988 -6.911874 2.0451089 2.5948665 1.8829328 2.7570425 1
2 1 0 2 . 0 2 1.9219964 0.0980036 4.8516616 1.74693 2.0970629 1.5397572 2.3042357 1
3 2 0 1.72 1.5922801 0.1277199 7.4255727 1.4538319 1.7307284 1.2253653 1.959195 1
4 30 1.41 1.3191263 0.0908737 6.4449422 1.175656 1.4625966 0.9502872 1.6879655 1
5 40 1 . 1 1 1.0928317 0.0171683 1.546693 0.9340768 1.2515866 0.7177828 1 4678806 1
6 50 0.834 0.9053577 -0.071358 -8.556077 0.7350579 1.0756575 0.5252779 1.2854374 1







Actual HMX, 1% Ozone, 250 ppm, 30% Solids 
Rank 3 Eqn 8098 [Decay I _] y=aexp(-bx)


























Rank 3 Eqn 8098 [Decay 1_J y=aexp(-bx)
rA2 Coef Det 
0.9803255862
DF Adj rA2 
0.9704883793

























Function min X-Value Function max X-Value
0.8897411169 60 2.4360293451 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.040892533 6.000004e-05 -0.014935701 60
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0002507192 60 0.0006864447 0.0001213698
Procedure Minimization Iterations
LevMarqdt Least Squares 8
rA 2  Coef Det DF Adj rA2 Fit Std E
0.9803255862 0.9704883793 0.0881357187
Source Sum of Squares DF Mean Square F Statistic
Regr 1.9352739 1 1.9352739 249.137
























Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0 Xmax: 60
Xmean: 30 Xstd: 21.602468995








Ymax: 2.33 Yrange: 1.547
Ystd: 0.5736016952 Ymedian: 1.5 








c:\tcwin3\hmxact 1 %250ppm30%. pm
Data Summary
Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weigh
1 0 2.33 2.4360293 -0.106029 -4.550616 2.2547567 2.6173019 2.1452203 2.7268384
2 1 0 2.13 2.0595834 0.0704166 3.3059458 1.9417361 2.1774306 1.8034621 2.3157046
3 2 0 1.84 1.7413105 0.0986895 5.3635572 1.6492553 1.8333658 1.4959857 1.9866354
4 30 1.5 1.4722213 0.0277787 1.8519153 1.3779582 1.5664844 1.2260594 1.7183831
5 40 1.26 1.2447151 0.0152849 1.2130901 1.1391825 1.3502476 0.9940216 1.4954086
6 50 1.03 1.052366 -0.022366 -2.171455 0.936791 1.167941 0.7972823 1.3074497







Actual HMX, 2% Ozone, 250 ppm, 10% Solids 
Rank 3 Eqn 8098 [Decay 1_J y=aexp(-bx)




























Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
rA 2  Coef Det 
0.9650519156
DF Adj rA2 
0.9475778734
















95% Confidence Limits 
1.246202032 1.737672315 
0.026496644 0.048968979





Function min X-Value Function max X-Value
0.1550677299 60 1.4919371737 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.056294857 6.000004e-05 -0.005851141 60
2nd Deriv min X-Value 2nd Deriv max X-Value
0.00022078 60 0.0021241584 0.0001200129
Procedure Minimization Iterations
LevMarqdt Least Squares 8
i^2 Coef Det DF Adj rA2 Fit Std E
0.9650519156 0.9475778734 0.1062265476
Source Sum of Squares DF Mean Square F Statistic
Regr 1.5579856 1 1.5579856 138.069
























Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0 Xmax: 60
Xmean: 30 Xstd: 21.602468995
X@Ymin: 60 X@Ymax: 0
Y Variable: Cone. (mg/L)
Ymin: 0.032 Ymax: 1.4
Ymean: 0.612 Ystd: 0.5187173283
















Rank 3 Eqn8098 [Decay 1 _] y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weigh
1 0 1.4 1.4919372 -0.091937 -6.566941 1.246202 1.7376723 1.1238303 1.8600441
2 1 0 1.14 1.023008 0.116992 10.262459 0.8848102 1.1612058 0.7160624 1.3299535
3 2 0 0.783 0.7014674 0.0815326 10.412846 0.5709497 0.8319851 0.3979023 1.0050326
4 30 0.51 0.4809899 0.0290101 5.6882494 0.3481804 0.6137994 0.1764324 0.7855474
5 40 0.295 0.3298105 -0.03481 -11.80017 0.2050428 0.4545781 0.0286728 0.6309482
6 50 0.124 0.2261481 -0.102148 -82.3775 0.1164644 0.3358318 -0.069059 0.5213556







Actual HMX, 2%  Ozone, 250 ppm, 20% Solids 
Rank 3 Eqn 8098 [Decay 1_] y=acxp(-bx)


























Rank 3 Eqn 8098 [Decay 1_] y=aexp(-bx)
rA2 Coef Det 
0.9647550475
DF Adj rA2 
0.9471325713







Std Error t-value 95% Confidence Limits 
0.149649026 14.66863008 1.809037378 2.581255033 
0.005380632 8.136552216 0.02989725 0.057662344





Function min X-Value Function max X-Value
0.1587318201 60 2.1951462052 1.131912e-10
1st Deriv min X-Value 1 st Deriv max X-Value
-0.096102803 6.000004e-05 -0.006949247 60
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0003042366 60 0.0042073502 0.0001200842
Procedure Minimization Iterations
LevMarqdt Least Squares 8
i^2 Coef Det DF Adj rA2 Fit Std E
0.9647550475 0.9471325713 0.1632499536
Source Sum of Squares DF Mean Square F Statistic
Regr 3.6475081 1 3.6475081 136.864
























Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0 Xmax: 60
Xmean: 30 Xstd: 21.602468995






















Rank 3 Eqn8098 [Decay 1 _] y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weigh
1 0 2.07 2.1951462 -0.125146 -6.04571 1.8090374 2.581255 1.6237533 2.7665392
2 1 0 1.59 1.4168707 0.1731293 10.888637 1.2007181 1.6330232 0.9434451 1.8902963
3 2 0 1.06 0.9145279 0.1454721 13.723782 0.7017083 1.1273475 0.4426147 1.3864411
4 30 0.604 0.5902877 0.0137123 2.2702506 0.3827789 0.7977965 0.1207456 1.0598298
5 40 0.263 0.3810048 -0.118005 -44.86876 0.1976668 0.5643429 -0.078367 0.8403769
6 50 0.064 0.2459219 -0.181922 -284.253 0.0947119 0.397132 -0.201598 0.6934421







Actual HMX, 2% Ozone, 2S0 ppm, 30% Solids 
Rank 3 Eqn 8098 [Decay I _] y=aexp(-bx)

























Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.9694692727
DF Adj rA2 
0.954203909













95% Confidence Limits 
2.274313408 2.995241679 
0.022511296 0.037974231
Area Xmin-Xmax Area Precision
u>vON>
72.928174483 9.514696e-20
Function min X-Value Function max X-Value
0.4292279796 60 2.6347775432 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.079682811 6.000004e-05 -0.01298104 60
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0003925825 60 0.0024098241 0.0001200097
Procedure Minimization Iterations
LevMarqdt Least Squares 7
i^2 Coef Det DF Adj rA2 Fit Std E
0.9694692727 0.954203909 0.1612220983
Source Sum of Squares DF Mean Square F Statistic
Regr 4.1268249 1 4.1268249 158.769
























Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0 Xmax: 60
Xmean: 30 Xstd: 21.602468995




















Rank 3 Eqn8098 [Decay 1 _] y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weigh
1 0 2.47 2.6347775 -0.164778 -6.671156 2.2743134 2.9952417 2.0843557 3.1851993
2 1 0 2.14 1.9471585 0.1928415 9.0112864 1.7379976 2.1563193 1.4815642 2.4127527
3 2 0 1.55 1.4389929 0.1110071 7.16175 1.2551867 1.622799 0.9842243 1.8937615
4 30 1 . 1 2 1.0634473 0.0565527 5.0493448 0.8701234 1.2567713 0.6047493 1.5221454
5 40 0.768 0.7859109 -0.017911 -2.332154 0.5906399 0.981182 0.3263889 1.245433
6 50 0.471 0.5808054 -0.109805 -23.31326 0.3949687 0.7666422 0.1252124 1.0363985







Actual RDX, 1% Ozone, LPUV, 10% Solids 
Rank 3 Eqn 8098 [Decay 1 J  y=acxp(-bx)
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Numeric Summary
Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.9972726524
DF Adj rA2 
0.9959089786
















95% Confidence Limits 
1.910680157 2.128751263 
0.096205734 0.123522520
Area Xmin-Xmax Area Precision
18.358546311 6.125333e-l 1
Function min X-Value Function max X-Value
0.0027700474 60.000000000 2.0197157100 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.221892841 6.000004e-05 -0.000304329 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
3.343482e-05 60.000000000 0.0243779025 0.0001200127
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA2 Coef Det DF Adj rA2 Fit Std E
0.9972726524 0.9959089786 0.0425234388
Source Sum of Squares DF Mean Square F Statistic
Regr 3.3059796 1 3.3059796 1828.28
































Y Variable: Cone. (mg/L) 
Ymin: 0 . 0 2 0 0 0 0 0 0 0 0  
Ymean: 0.4281428571 
Y@Xmin: 2.0100000000

















Date Time File Source




Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0.0000000 2.0100000 2.0197157 -0.009716 -0.483369 1.9106802 2.1287513
2 10.000000 0.7280000 0.6732191 0.0547809 7.5248545 0.5856846 0.7607535
3 20.000000 0.1590000 0.2243998 -0.065400 -41.13198 0.1657940 0.2830057
4 30.000000 0.0400000 0.0747978 -0.034798 -86.99446 0.0451774 0.1044181
5 40.000000 0.0200000 0.0249319 -0.004932 -24.65936 0.0116747 0.0381891
6  50.000000 0.0200000 0.0083104 0.0116896 58.448085 0.0027606 0.0138602







Actual RDX, 1% Ozone, LPUV, 20% Solids 
Rank 3 Eqn 8098 [Decayl_] y=aexp(-bx) 


























Rank 3 Eqn8098 [Decay 1 _] y=aexp(-bx)
rA2 Coef Det 
0.9963408972
DF Adj rA2 
0.9945113459







Std Error t-value 95% Confidence Limits 
0.082618056 41.49275878 3.214888579 3.641213583 
0.004390228 19.86244733 0.075873470 0.098527890
Area Xmin-Xmax Area Precision
u>VOoo
39.102176069 2.261619e-12
Function min X-Value Function max X-Value
0.0183147435 60.000000000 3.4280510807 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.298926821 6.000004e-05 -0.001597058 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0001392646 60.000000000 0.0260664856 0.0001200105
Procedure Minimization Iterations
LevMarqdt Least Squares 8
rA2 Coef Det DF Adj rA2 Fit Std E
0.9963408972 0.9945113459 0.0839060994
Source Sum of Squares DF Mean Square F Statistic
Regr 9.5849625 1 9.5849625 1361.46
Error 0.035201168 5 0.0070402335
Total 9.6201637 6
P>|t|





















Numeric Summary Continued 




Y Variable: Cone. (mg/L) 






































[Decay 1J  y=aexp(-bx)
Y Value Y Predict Residual Residual% 
3.4000000 3.4280511 -0.028051 -0.825032 
1.5300000 1.4333081 0.0966919 6.3197345 
0.6000000 0.5992828 0.0007172 0.1195357 
0.1190000 0.2505671 -0.131567 -110.5606 
0.0200000 0.1047650 -0.084765 -423.8251 
0.0200000 0.0438035 -0.023803 -119.0174 
0.0200000 0.0183147 0.0016853 8.4262827






















Actual RDX, 1% Ozone, LPUV, 30% Solids
Rank 2 Eqn 8098 [Decay 1_] y=aexp(-bx)







Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Numeric Summary
Rank 2 Eqn8098 [Decay 1J  y=aexp(-bx)
i^2 Coef Det DF Adj rA2 Fit Std Err F-val
0.9988065000 0.9982097501 0.0669512707 4184.3591940
Parm Value Std Error t-value 95% Confidence Limits
a 4.811076016 0.066272318 72.59555955 4.640087085 4.982064947 
b 0.097546252 0.002933203 33.25587916 0.089978306 0.105114197




1st Deriv min X-Value
-0.469299685 6.000004e-05




i^2 Coef Det DF Adj rA2
0.9988065000 0.9982097501






1st Deriv max X-Value
-0.001347798 60.000000000










0 . 0 0 0 0 0
0 . 0 0 0 0 0
P>F
0.00000

























Y Variable: Conc.(mg/L) 


















Rank 2 Eqn8098 








[Decay 1J  y=aexp(-bx)
Y Value Y Predict Residual Residual% 
4.7900000 4.8110760 -0.021076 -0.440000 
1.9100000 1.8138619 0.0961381 5.0334058 
0.6100000 0.6838585 -0.073858 -12.10795 
0.1920000 0.2578269 -0.065827 -34.28485 
0.0460000 0.0972054 -0.051205 -111.3160 
0.0200000 0.0366482 -0.016648 -83.24084 
0.0200000 0.0138170 0.0061830 30.914916






















Actual RDX, 2% Ozone, LPUV, 10% Solids 
Rank 14 Eqn 8098 [Decay 1J  y=aexp(-bx)
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Numeric Summary
Rank 14 Eqn8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.6050084239
DF Adj rA2 
0.4075126359




Parm Value Std Error t-value 95% Confidence Limits P>|t|
a 3.113863570 0.731739713 4.255425139 1.225904991 5.001822148 0.00805
b 0.043864516 0.018584289 2.360301013 -0.00408473 0.091813761 0.06473
Area Xmin-Xmax Area Precision
65.881055840 6.99355 le-17
Function min X-Value Function max X-Value
0.2240229739 60.000000000 3.1138635699 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.136587757 6.000004e-05 -0.009826659 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0004310416 60.000000000 0.0059913400 00001201382
Procedure Minimization Iterations
LevMarqdt Least Squares 1 1
rA 2  Coef Det DF Adj rA2 Fit Std E
0.6050084239 0.4075126359 0.7980209283
Source Sum of Squares DF Mean Square F Statistic
Regr 4.8772178 1 4.8772178 7.6585






















Numeric Summary Continued 

























Rank 14 Eqn8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weights
1 0.0000000 3.1900000 3.1138636 0.0761364 2.3867219 1.2259050 5.0018221 0.3203448 5.9073823 1
2 10.000000 2.0240000 2.0081605 0.0158395 0.7825863 0.9511698 3.0651512 -0.306270 4.3225910 1
3 20.000000 1.1700000 1.2950819 -0.125082 -10.69076 0.2539285 2.3362353 -1.012159 3.6023227 1
4 30.000000 0.7310000 0.8352107 -0.104211 -14.25591 -0.179282 1.8497036 -1.460123 3.1305441 1
5 40.000000 0.0200000 0.5386354 -0.518635 -2593.177 -0.356909 1.4341802 -1.706662 2.7839327 1
6  50.000000 0.0200000 0.3473711 -0.327371 -1636.856 -0.390581 1.0853231 -1.839849 2.5345914 1







Actual RDX, 2% Ozone, LPUV, 20% Solids 
Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
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Numeric Summary
Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.8973526269
DF Adj rA2 
0.8460289404
















95% Confidence Limits 
5.276911800 10.66752189 
0.021577103 0.095180419
Area Xmin-Xmax Area Precision
132.44768996 5.698217e-15
Function min X-Value Function max X-Value
0.2400848062 60.000000000 7.9722168473 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.465406512 6.000004e-05 -0.014015854 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0008182282 60.000000000 0.0271697604 0.0001200267
Procedure Minimization Iterations
LevMarqdt Least Squares 9
rA 2  Coef Det DF Adj i^2 Fit Std E
0.8973526269 0.8460289404 1.0974068310
Source Sum of Squares DF Mean Square F Statistic
Regr 52.640575 1 52.640575 43.7105
























Numeric Summary Continued 





























Rank 3 Eqn8098 









Y Value Y Predict Residual Residual% 
7.2900000 7.9722168 -0.682217 -9.358256 
6.1400000 4.4467567 1.6932433 27.577253 
2.6800000 2.4803195 0.1996805 7.4507649 
0.0200000 1.3834768 -1.363477 -6817.384 
0.0200000 0.7716781 -0.751678 -3758.390 
0.0200000 0.4304279 -0.410428 -2052.140 
0.4780000 0.2400848 0.2379152 49.773053






















Actual RDX, 2% Ozone, LPUV, 30% Solids 
Rank 3 Eqn 8098 [Decay 1_J y=aexp(-bx)































Rank 3 Eqn 8098 [Decay 1_] y=aexp(-bx)
rA2 Coef Det 
0.9927187354
DF Adj rA2 
0.9890781031













95% Confidence Limits 
7.447718305 8.742172577 
0.042661403 0.057191563




Function min X-Value Function max X-Value
0.4048052716 60.000000000 .0949454409 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.404150946 6.000004e-05 -0.020210504 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0010090394 60.000000000 0.0201777750 0.0001200316
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA2 Coef Det DF Adj ta2 Fit Std E
0.9927187354 0.9890781031 0.2686866081
Source Sum of Squares DF Mean Square F Statistic
Regr 49.213182 1 49.213182 681.694
Error 0.36096247 5 0.072192493
Total 49.574145 6
P>|t|





















Numeric Summary Continued 




Y Variable: Cone. (mg/L) 






















Rank 3 Eqn8098 [Decay 1 _J y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0.0000000 7.9900000 8.0949454 -0.104945 -1.313460 7.4477183 8.7421726
2 10.000000 4.9700000 4.9134435 0.0565565 1.1379581 4.5463734 5.2805135
3 20.000000 3.3500000 2.9823458 0.3676542 10.974751 2.6131377 3.3515540
4 30.000000 1.7800000 1.8102145 -0.030215 -1.697445 1.4685348 2.1518943
5 40.000000 0.9170000 1.0987581 -0.181758 -19.82095 0.8154484 1.3820677
6  50.000000 0.4950000 0.6669206 -0.171921 -34.73143 0.4478519 0.8859893
7 60.000000 0 .0200000 0.4048053 -0 .384805 -1924.026 0.2429502 0.5666604














Actual RD X  1% Ozone, 100 ppm, 10% Solids 
Rank 3 Eqn 8098 [Decay 1 J  y=aexp(-tox)





























Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.9792505558
DF Adj rA2 
0.9688758336




Parm Value Std Error t-value 95% Confidence Limits
a 1.787047409 0.085196881 20.97550264 1.567231291 2.006863526
b 0.036878345 0.003184355 11.58110226 0.028662403 0.045094287
■u
u>
Area Xmin-Xmax Area Precision
43.15638011 4.421585e-18
Function min X-Value Function max X-Value
0.1955115258 60 1.7870474085 1.131912e-10
1st Deriv min X-Value 1 st Deriv max X-Value
-0.065903205 6.000004e-05 -0.007210142 60
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0002658981 60 0.0024303958 0.0001200187
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA2 Coef Det DF Adj rA 2 Fit Std E
0.9792505558 0.9688758336 0.0953551865
Source Sum of Squares DF Mean Square F Statistic
Regr 2.1455864 1 2.1455864 235.97
Error 0.045463058 5 0.0090926116
Total 2.1910494 6
Description: Actual RDX, 1% Ozone, 100 ppm, 10% Solids
p>ltl




















Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0  Xmax: 60
Xmean: 30 Xstd: 21.602468995
X@Ymin: 60 X@Ymax: 0


















c:\tcwin3\rdxact 1 % 1 OOppm 10%. pm
Data Summary
Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0 1.7 1.7870474 -0.087047 -5.120436 1.5672313 2.0068635
2 1 0 1.35 1.2358776 0.1141224 8.4535122 1.1119906 1.3597646
3 2 0 0.935 0.8547022 0.0802978 8.5879967 0.7385538 0.9708507
4 30 0.586 0.5910908 -0.005091 -0.868742 0.4723037 0.7098779
5 40 0.391 0.4087837 -0.017784 -4.548268 0.2962344 0.5213331
6 50 0 . 2 0 2 0.2827047 -0.080705 -39.95281 0.1828636 0.3825457
7 60 0.088 0.1955115 -0.107512 -122.1722 0.1109328 0.2800902














Actual RDX, 1% Ozone, 1 0 0  ppm, 20% Solids 
Rank 3 Eqn 8098 [Decay 1_] y=aexp(-bx)



























Rank 3 Eqn 8098 [Decay 1_J y=aexp(-bx)
rA 2  Coef Det 
0.9570167898
DF Adj rA2 
0.9355251847




Parm Value Std Error t-value 95% Confidence Limits
a 3.699228673 0.215759868 17.14511925 3.142547538 4.255909809
b 0.025839259 0.00294455 8.775283057 0.018242038 0.03343648
Area Xmin-Xmax Area Precision
.u
112.78783098 6.152165e-20
Function min X-Value Function max X-Value
0.7848746796 60 3.6992286731 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.09558518 6.000004e-05 -0.02028058 60
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0005240352 60 0.0024698464 0.0001209566
Procedure Minimization Iterations
LevMarqdt Least Squares 7
r*2 Coef Det DF Adj rA2 Fit Std E
0.9570167898 0.9355251847 0.2550081157
Source Sum of Squares DF Mean Square F Statistic
Regr 7.2393357 1 7.2393357 111.324
























Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0 Xmax: 60
Xmean: 30 Xstd: 21.602468995



















c:\tcwin3\rdxact I % 100ppm20%.pm
Data Summary
Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0 3.44 3.6992287 -0.259229 -7.535717 3.1425475 4.2559098
2 1 0 3.06 2.8568846 0.2031154 6.6377573 2.5238792 3.18989
3 2 0 2.49 2.2063491 0.2836509 11.391603 1.9266453 2.4860528
4 30 1.82 1.7039457 0.1160543 6.3766104 1.4083264 1.999565
5 40 1.28 1.3159436 -0.035944 -2.808093 1.0054516 1.6264356
6 50 0.869 1.0162927 -0.147293 -16.94967 0.7067223 1.325863
7 60 0.469 0.7848747 -0.315875 -67.35068 0.4896905 1.0800589














Actual RDX, 1% Ozone, 100 ppm, 30% Solids 
Rank 3 Eqn 8098 fD ecaylJ y=aexp(-bx)































Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det DF Adj rA2 Fit Std Err F-val
0.9483689302 0.9225533953 0.3835231327 91.840914225
Parm Value Std Error t-value 95% Confidence Limits P>|t|
a 5.248242007 0.320389539 16.38081573 4.421606294 6.07487772 0 . 0 0 0 0 2
b 0.023703831 0.002917783 8.12391857 0.016175671 0.03123199 0.00046
Area Xmin-Xmax Area Precision
168.01056167 8.774259e-09
Function min X-Value Function max X-Value
1.2657480835 60 5.2482420069 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.124403264 6.000004e-05 -0.030003078 60
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0007111879 60 0.0029488297 0.000120967
Procedure Minimization Iterations
LevMarqdt Least Squares 6
rA 2  Coef Det DF Adj rA2 Fit Std E
0.9483689302 0.9225533953 0.3835231327
Source Sum of Squares DF Mean Square F Statistic P>F
Regr 13.508879 1 13.508879 91.8409 0 . 0 0 0 2 1
Error 0.73544997 5 0.14708999
Total 14.244329 6

















Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0 Xmax: 60
Xmean: 30 Xstd: 21.602468995




















c :\tcwin3\rdxact 1 % 100ppm30%. pm
Data Summary
Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weigh
1 0 4.83 5.248242 -0.418242 -8.659255 4.4216063 6.0748777 3.9588665 6.5376175
2 1 0 4.48 4.1406586 0.3393414 7.5745849 3.6374583 4.6438588 3.0305356 5.2507816
3 2 0 3.65 3.2668184 0.3831816 10.498126 2.8527749 3.680862 2.1941607 4.3394762
4 30 2 . 8 2.5773925 0.2226075 7.9502667 2.1408074 3.0139777 1.4958339 3.6589512
5 40 2 . 0 1 2.0334624 -0.023462 -1.167281 1.5668406 2.5000841 0.9394338 3.1274909
6 50 1.3 1.6043226 -0.304323 -23.40943 1.1285228 2.0801225 0.5063481 2.7022971







Actual RDX, 2% Ozone, 100 ppm, 10% Solids 
Rank 3 Eqn 8098 [Decay 1_] y=acxp(-bx)
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Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.9916680128
DF Adj rA2 
0.9875020192














95% Confidence Limits 
1.606039117 1.928430714 
0.053809773 0.076521741




Function min X-Value Function max X-Value
0.0354182066 60.000000000 1.7672349154 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.115162750 6.000004e-05 -0.002308054 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0001504061 60.000000000 0.0075046385 0.0001200087
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA2 Coef Det DF Adj rA2 Fit Std E
0.9916680128 0.9875020192 0.0648694525
Source Sum of Squares DF Mean Square F Statistic
Regr 2.5041952 1 2.5041952 595.097
Error 0.021040229 5 0.0042080459
Total 2.5252354 6
P>|t|





















Numeric Summary Continued 











Y Variable: Cone. (mg/L) 














c:\tcwin3\rdxact2% 1 OOppm 10%. pm
Data Summary 
Rank 3 Eqn8098 








[Decay 1J  y=aexp(-bx)
Y Value Y Predict Residual Residual% 
1.7300000 1.7672349 -0.037235 -2.152307 
1.0200000 0.9210496 0.0989504 9.7010240 
0.4730000 0.4800337 -0.007034 -1.487036 
0.2190000 0.2501845 -0.031185 -14.23950 
0.0510000 0.1303915 -0.079391 -155.6695 
0.0200000 0.0679576 -0.047958 -239.7879 
0.0200000 0.0354182 -0.015418 -77.09103






















Actual RDX, 2% Ozone, 100 ppm, 20% Solids 
Rank 3 Eqn 8098 [Decay 1_] y=acxp(-bx) 
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Numeric Summary
Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.9205193254
DF Adj rA2 
0.8807789881




Parm Value Std Error t-value 95% Confidence Limits P>|t|
a 6.017310628 0.655952956 9.173387468 4.324889145 7.709732112 0.00026
b 0.050789981 0.010096834 5.030287775 0.024739181 0.076840780 0.00400
Area Xmin-Xmax Area Precision
112.84893107 6.757569e-16
Function min X-Value Function max X-Value
0.2857155825 60.000000000 6.0173106282 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.305618160 6.000004e-05 -0.014511489 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0007370382 60.000000000 0.0155222933 0.0001200400
Procedure Minimization Iterations
LevMarqdt Least Squares 8
rA2 Coef Det DF Adj rA 2 Fit Std E
0.9205193254 0.8807789881 0.7009907431
Source Sum of Squares DF Mean Square F Statistic
Regr 28.455481 1 28.455481 57.9084





















Numeric Summary Continued 




Y Variable: Cone. (mg/L) 









Ymax: 5.5300000000 Yrange: 5.5100000000
Ystd: 2.2698172257 Ymedian: 1.3200000000



























Y Value Y Predict Residual Residual% 
5.5300000 6.0173106 -0.487311 -8.812127 
4.7800000 3.6209652 1.1590348 24.247591 
1.9500000 2.1789450 -0.228945 -11.74077 
1.3200000 1.3111977 0.0088023 0.6668408 
0.0200000 0.7890238 -0.769024 -3845.119 
0.0200000 0.4748014 -0.454801 -2274.007 
0.4450000 0.2857156 0.1592844 35.794251






















Actual RDX, 2% Ozone, 100 ppm, 30% Solids 
Rank 3 Eqn 8098 [Decay 1_] y=aexp(-bx)

























Rank 3 Eqn 8098 [Decay 1_] y=aexp(-bx)
rA2 Coef Det DF Adj rA2 Fit Std Err F-val
0.9605011090 0.9407516635 0.6164244107 121.58583239
Parm Value Std Error t-value 95% Confidence Limits P>|t|
a 7.866033156 0.576594680 13.64222293 6.378363631 9.353702682 0.00004
b 0.050639455 0.006766824 7.483488928 0.033180400 0.068098510 0.00067
Area Xmin-Xmax Area Precision
147.89155092 6.455088e-16
Function min X-Value Function max X-Value
0.3768856745 60.000000000 7.8660331564 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.398330419 6.000004e-05 -0.019085285 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0009664684 60.000000000 0.0201711740 0.0001200094
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA2 Coef Det DF Adj rA2 Fit Std E
0.9605011090 0.9407516635 0.6164244107
Source Sum of Squares DF Mean Square F Statistic
R egr 46.20007 1 46.20007 121.586
Error 1.8998953 5 0.37997905
Total 48.099965 6


















Numeric Summary Continued 

























Rank 3 Eqn8098 









Y Value Y Predict Residual Residual% 
7.4400000 7.8660332 -0.426033 -5.726252 
5.7700000 4.7405793 1.0294207 17.840913 
2.8500000 2.8569791 -0.006979 -0.244880 
1.1000000 1.7218000 -0.621800 -56.52727 
0.5320000 1.0376678 -0.505668 -95.05034 
0.7020000 0.6253656 0.0766344 10.916581 
0.4790000 0.3768857 0.1021143 21.318231






















Actual RDX, 1% Ozone, 250 ppm, 10% Solids 
Rank 3 Eqn 8098 [Decay 1_] y=aexp(-bx)





























Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.9844840324
DF Adj rA2 
0.9767260487




Parm Value Std Error t-value 95% Confidence Limits
a 1.893080834 0.070776042 26.74748089 1.710471863 2.075689805
b 0.030650366 0.002134890 14.35688613 0.025142147 0.036158586
Area Xmin-Xmax Area Precision
.uU>
51.944971972 2.003724e-19
Function min X-Value Function max X-Value
0.3009484158 60.000000000 1.8930808339 1.131912e-10
IstDerivmin X-Value 1st Deriv max X-Value
-0.058023514 6.000004e-05 -0.009224179 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0002827245 60.000000000 0.0017784387 0.0001204843
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA2 Coef Det DF Adj rA2 Fit Std E
0.9844840324 0.9767260487 0.0815059889
Source Sum of Squares DF Mean Square F Statistic
Regr 2.1075547 1 2.1075547 317.249














































Jan 20, 2000 9:04:28 AM
-uu>K)
File Source
c:\tcwin3\rdxact 1 %250ppm 10%.pm
Data Summary
Rank 3 Eqn8098 [Decay 1 _] y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0.0000000 1.8300000 1.8930808 -0.063081 -3.447040 1.7104719 2.0756898
2 10.000000 1.4300000 1.3933374 0.0366626 2.5638149 1.2876317 1.4990432
3 20.000000 1.1200000 1.0255184 0.0944816 8.4358566 0.9322337 1.1188031
4 30.000000 0.8110000 0.7547978 0.0562022 6.9299910 0.6567865 0.8528090
5 0.000000 0.5270000 0.5555431 -0.028543 -5.416149 0.4569184 0.6541678
6 50.000000 0.3550000 0.4088885 -0.053889 -15.17986 0.3154332 0.5023439
7 60.000000 0.1910000 0.3009484 -0.109948 -57.56462 0.2163446 0.3855522














Actual RDX, 1% Ozone, 250 ppm, 20% Solids 
Rank 3 Eqn 8098 [Decay 1_J y=acxp(-bx) 



























Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.9744610265
DF Adj rA2 
0.9616915398




Parm Value Std Error t-value 95% Confidence Limits P>|t|
a 3.751151943 0.172415091 21.75651744 3.306304485 4.195999400 0.00000
b 0.027698883 0.002433811 11.38086638 0.021419416 0.033978350 0 00009
Area Xmin-Xmax Area Precision
■uu>A
109.72605170 0.0000000000
Function min X-Value Function max X-Value
0.7118628461 60.000000000 3.7511519427 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.103902547 6.000004e-05 -0.019717806 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0005461612 60.000000000 0.0028779798 0.0001200580
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA2 Coef Det DF Adj rA2 Fit Std E
0.9744610265 0.9616915398 0.2016555377
Source Sum of Squares DF Mean Square F Statistic
Regr 7.7580281 1 7.7580281 190.779





















Numeric Summary Continued 




























Rank 3 Eqn8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0.0000000 3.5600000 3.7511519 -0.191152 -5.369437 3.3063045 4.1959994
2 10.000000 3.0000000 2.8436094 0.1563906 5.2130215 2.5811583 3.1060604
3 20.000000 2.3400000 2.1556349 0.1843651 7.8788490 1.9309974 2.3802725
4 30.000000 1.7800000 1.6341070 0.1458930 8.1962358 1.3968113 1.8714027
5 40.000000 1.2100000 1.2387560 -0.028756 -2.376529 0.9934914 1.4840206
6 50.000000 0.7740000 0.9390550 -0.165055 -21.32494 0.6992715 1.1788386
7 60.000000 0.4690000 0.7118628 -0.242863 -51.78312 0.4877810 0.9359447














Actual RDX, 1% Ozone, 250 ppm, 30% Solids 
Rank 3 Eqn8098 [Decay 1 _] y=aexp(-bx)




























Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.9880462471
DF Adj rA2 
0.9820693707
















95% Confidence Limits 
4.399016442 5.129221085 
0.022099815 0.029866283




Function min X-Value Function max X-Value
1.0021319282 60.000000000 4.7641187633 1.131912e-10
1st Deriv min X-Value 1st Deriv max X-Value
-0.123786137 6.000004e-05 -0.026038443 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0006765581 60.000000000 0.0032163362 0.0001204888
Procedure Minimization Iterations
LevMarqdt Least Squares 7
rA2 Coef Det DF Adj rA2 Fit Std E
0.9880462471 0.9820693707 0.1671097000
Source Sum of Squares DF Mean Square F Statistic
Regr 11.541077 1 11.541077 413.279
























Numeric Summary Continued 





























Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits
1 0.0000000 4.5800000 4.7641188 -0.184119 -4.020060 4.3990164 5.1292211
2 10.000000 3.8600000 3.6740041 0.1859959 4.8185475 3.4558445 3.8921636
3 20.000000 3.0000000 2.8333269 0.1666731 5.5557698 2.6498236 3.0168302
4 30.000000 2.2000000 2.1850116 0.0149884 0.6812927 1.9910584 2.3789648
5 40.000000 1.6700000 1.6850422 -0.015042 -0.900733 1.4815786 1.8885059
6 50.000000 1.2300000 1.2994748 -0.069475 -5.648354 1.0969223 1.5020272
7 60.000000 0.8070000 1.0021319 -0.195132 -24.17992 0.8092935 1.1949704














Actual RDX, 2% Ozone, 250 ppm, 10% Solids
Rank 3 Eqn8098 [Decay 1_J y=aexp(-bx)
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Numeric Summary
Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det DF Adj rA2 Fit Std Err F-val
0.9827915263 0.9741872894 0.0950570103 285.55453035
Parm Value Std Error t-value 95% Confidence Limits
a 1.819811673 0.089166550 20.40912968 1.589753431 2.049869916
b 0.051747325 0.004634798 11.16495830 0.039789103 0.063705548




1st Deriv min X-Value
-0.094170094 6.000004e-05




rA2 Coef Det DF Adj rA2
0.9827915263 0.9741872894






1st Deriv max X-Value
-0.004221820 60.000000000































Numeric Summary Continued 



















Ymax: 1.7500000000 Yrange: 1.7300000000
Ystd: 0.6614885810 Ymedian: 0.3550000000




Rank 3 Eqn8098 








[Decay 1J  y=aexp(-bx)
Y Value Y Predict Residual Residual% 
1.7500000 1.8198117 -0.069812 -3.989238 
1.2200000 1.0846526 0.1353474 11.094048 
0.6900000 0.6464797 0.0435203 6.3072903 
0.3550000 0.3853178 -0.030318 -8.540235 
0.1510000 0.2296589 -0.078659 -52.09201 
0.0410000 0.1368824 -0.095882 -233.8595 
0.0200000 0.0815853 -0.061585 -307.9264






















Actual RDX, 2% Ozone, 250 ppm, 20% Solids 
Rank 3 Eqn 8098 [Decay 1_) y=aexp(-bx) 



























Rank 3 Eqn 8098 [Decay 1_] y=aexp(-bx)
rA2 Coef Det 
0.9849061920
DF Adj rA2 
0.9773592880













95% Confidence Limits 
3.096131046 3.957561677 
0.045473143 0.072351621
Area Xmin-Xmax Area Precision
■UU>
58.119895495 6.544623e-15
Function min X-Value Function max X-Value
0.1028648996 60.000000000 3.5268463616 1.131912e-10
1st Deriv min X-Value 1 st Deriv max X-Value
-0.207774184 6.000004e-05 -0.006060016 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0003570100 60.000000000 0.0122404288 0.0001200025
Procedure Minimization Iterations
LevMarqdt Least Squares 7
1̂ 2 Coef Det DF Adj rA2 Fit Std E
0.9849061920 0.9773592880 0.1751869278
Source Sum of Squares DF Mean Square F Statistic
Regr 10.013121 1 10.013121 326.262
























Numeric Summary Continued 




























Rank 3 Eqn 8098 [Decay 1_J y=aexp(-bx)
XY * X Value Y Value Y Predict Residual Residual% 95% Confidence Limits 95% Prediction Limits Weights
1 0.0000000 3.4200000 3.5268464 -0.106846 -3.124163 3.0961310 3.9575617 2.9024916 4.1512011 1
2 10.000000 2.1800000 1.9567409 0.2232591 10.241244 1.7017778 2.2117039 1.4377907 2.4756911 1
3 20.000000 1.1800000 1.0856257 0.0943743 7.9978262 0.8306439 1.3406074 0.5666663 1.6045850 1
4 30.000000 0.5080000 0.6023194 -0.094319 -18.56682 0.3855906 0.8190483 0.1010465 1.1035923 1
5 40.000000 0.1380000 0.3341748 -0.196175 -142.1556 0.1704958 0.4978538 -0,146548 0.8148971 1
6 50.000000 0.0150000 0.1854046 -0.170405 -1136.030 0.0701463 0.3006628 -0.281058 0.6518674 1







Actual RDX, 2% Ozone, 250 ppm, 30% Solids 
Rank 3 Eqn 8098 [Decay 1_J y=aexp(-bx) 

























Rank 3 Eqn 8098 [Decay 1J  y=aexp(-bx)
rA2 Coef Det 
0.9847848003
DF Adj rA2 
0.9771772004




Parm Value Std Error t-value 95% Confidence Limits P>|t|
a 5.110352556 0.222442591 22.97380430 4.536429356 5.684275757 0.00000







Function min X-Value Function max X-Value
0.3675261356 60.000000000 5.1103525564 1.131912e-10
1st Deriv min X-Value 1 st Deriv max X-Value
-0.224193067 6.000004e-05 -0.016123551 60.000000000
2nd Deriv min X-Value 2nd Deriv max X-Value
0.0007073480 60.000000000 0.0098354332 0.0001200085
Procedure Minimization Iterations
LevMarqdt Least Squares 7
r*2 Coef Det DF Adj 1^2 Fit Std E
0.9847848003 0.9771772004 0.2425867342
Source Sum of Squares DF Mean Square F Statistic
Regr 19.044421 1 19.044421 323.619





















Numeric Summary Continued 
X Variable: Time (mins.)
Xmin: 0.0000000000 Xmax: 60.000000000
Xmean: 30.000000000 Xstd: 21.602468995
X@Ymin: 60.000000000 X@Ymax: 0.0000000000













Date Time File Source
Jan 20, 2000 9:41:36 AM c:\tcwin3\rdxact2%250ppm30%.pm
Data Summary 
Rank 3 Eqn8098 








[Decay 1J  y=aexp(-bx)
Y Value Y Predict Residual Residual% 
4.9100000 5.1103526 -0.200353 -4.080500 
3.6200000 3.2955185 0.3244815 8.9635767 
2.2600000 2.1251846 0.1348154 5.9652851 
1.3700000 1.3704700 -0.000470 -0.034309 
0.7600000 0.8837765 -0.123776 -16.28638 
0.3440000 0.5699219 -0.225922 -65.67497 
0.1140000 0.3675261 -0.253526 -222.3913
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